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1. Overview and motivation 
 
 
   Electroluminescence (EL), the generation of light by electrical excitation, has been found in 
a wide range of semiconductors. Conventional EL devices are made of inorganic direct-band 
gap semiconductors such as GaAs and InGaAs, which have been commercialized for more 
than 40 years. For organic semiconductors, the EL was first demonstrated on anthracene 
crystal in 1960s1, 2. However, due to the high operating voltage (> 100 V) and the low 
efficiency, such EL devices did not attract much attention. The breakthrough was made by the 
work of Tang and van Slyke at Kodak3, who found efficient electroluminescence in two-layer 
sublimed molecular film devices. EL had also been reported on single-layer conjugated 
polymer PPV by Burroghes et al. at Cambridge University4. Since then, a large number of 
other molecular and polymeric materials were used to prepare such light emitting diodes 
(LED), and much activity and progress has been made in the development of organic LEDs 
from both academia and industry in the past 15 years. In this chapter, the author will give a 
brief introduction into the structure and physics of organic LEDs, as well as the activities on 
the enhancement of device performance. 
  
1.1 Device structure and materials 
   The basic structure of organic LED is simple (see Fig. 1.1): A sequence of organic layers is 
deposited between two electrodes, an anode for hole and a cathode for electron injection, 
respectively. One of the electrodes is transparent to allow the generated light to leave the 
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Fig. 1.1. Schematic structure of an organic LED. 
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device. Under a sufficient forward bias, holes are injected from the anode and electrons from 
the cathode into organic layer. The charge carriers travel in the applied field until they meet in 
the emissive layer and form the excitons (neutral excited state). The excitons can decay 
radiatively which results in photon emission. The thickness of organic layers ranges from 
several tens of nanometers to 200 nm. 
ITO HOMO HOMO HOMO
LUMO
LUMO
LUMO
EMLHTL ETL
E vac
Cathode
 
 
 
 
 
   In order to achieve a high performance, the organic layer should fulfil certain requirements. 
The hole transport layer (HTL) should have a high hole mobility. Its energetic level of the 
highest occupied molecular orbital (HOMO) has to be relatively low to reduce the energy 
barrier to hole injection (∆Eh, shown in Fig. 1.2). Furthermore, the HTL should hinder 
electrons coming from the cathode from reaching the anode. The properties of the electron 
transport layer (ETL) should be complementary to those of the HTL (i.e. high lowest 
unoccupied molecular orbital (LUMO) level and high electron mobility). The anode should 
have a high work function (φ) to ease the hole injection into the HOMO of the HTL. Indium-
tin oxide (ITO) has a relatively high φ and excellent transparency for visible light and thus is 
suitable for the use as anode. Accordingly, the cathode should be a low work function metal 
like magnesium or calcium. For the emissive layer, the HOMO and LUMO should allow hole 
and electron to be injected from neighboring layers. Additionally, the photoluminescence (PL) 
quantum efficiency (corresponding to the ratio of radiative recombinating excitons to created 
Fig. 1.2. Schematic energy level diagram of an OLED under forward bias. Also shown are the
work function of ITO and cathode (φITO and φmetal) and the barriers for injection of holes (∆Eh)
and electrons (∆Ee). (HTL: hole transport layer, ETL: electron transport layer, EML: emissive
layer, and HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied molecular
orbital). 
∆Ee 
φmetal 
∆Eh 
φITO 
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singlet excitons) should be high. The schematic energy level under forward bias is shown in 
Fig. 1.2. 
   Since some organic materials can combine several of the properties mentioned above in one 
layer, fewer layers are used in most of OLEDs. In typical Kodak-type (i.e. a combination of 
molecular HTL and ETL) bilayer OLED of ITO/NPB/Alq3/Mg:Ag3, NPB serves as a hole 
transport and electron block layer whereas Alq3 is an ETL and an emissive layer. In many 
cases of polymeric OLEDs, a single-layer fulfills all necessary tasks. However, an unbalanced 
charge injection tends to occur easily which leads to low efficiency of the OLED. On the other 
hand, an additional hole or electron injection layer will be introduced in some cases to 
facilitate the charge carrier injection from the electrode. The HOMO (or LUMO level) of the 
material has to be in between HOMO of the HTL (or LUMO of ETL) and the Fermi level of 
electrode. 
 
1.2 Physical process and device model 
   Apparently, organic EL devices behave similarly to conventional inorganic LEDs and thus 
they have received the label ‘organic LED’. However, the detailed behavior of them is quite 
different. The difference originates from two intrinsically different electronic and optical 
characteristics of inorganic LEDs and organic counterparts. 
   The key difference is the way by which charge carriers are injected and transported. In the 
inorganic LEDs, the charge carriers originate from the dopants in the p-n junction and the 
charges are injected very easily through the quasi-ohmic Schottky contact between the 
electrode and heavily doped semiconductors. In the organic case, the organic molecular 
material behaves nearly as an insulator with very high resistivity (1015-1016 Ω·cm at zero 
bias). The density of free carriers is very low and the carriers need to be injected from the 
electrode. Additionally, the mobility of charge carriers in the organic layer is low (<10-1 
cm²/Vs) due to relatively weak intermolecular van-der-Waals force. Therefore, a space charge 
region is formed within the organic LED. Secondary, for organic materials the optical 
emission originates from exciton states in contrast to the case for inorganic semiconductors, 
where direct transitions between valence and conduction states are the dominant process. 
These differences relative to inorganic LED lead to a special spatial distribution of the internal 
electric field and the density of electrons and holes in the organic LED and thus to a special 
opto-electronic feature. 
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   The physical process of OLED devices operation consists of charge injection, charge 
transport as well as recombination and radiative decay of excitons. A brief overview is given 
in the following. 
a. Charge carrier injection  
    In organic LEDs, the charge carriers are injected from the electrode into the disordered 
organic layers. There are two limiting regimes of device operation, namely the space-charge 
limitation and the injection limitation of the current. Both have been realized experimentally 
in the OLED. The occurrence of space charge limited current (SCLC) requires that the density 
of net space charges near the injection contact is high enough that the electric field at the 
injection electrode vanishes. The electrode is then called ‘ohmic’ because it provides an 
inexhaustible carrier reservoir. In contrast, the injection limitation occurs if the injection 
barrier is so large that the injection current from the contact is inefficient to deliver the 
maximum possible SCLC in the organic layer. However, even for a given system, there is still 
an ongoing debate which mechanism prevails. It is found that the electrode- organic contact is 
nearly ohmic for a very efficient OLED under the voltage used to generate electro-
luminescence, otherwise the device would exhibit a poor efficiency. Therefore an effective 
carrier injection is crucial for achieving high device efficiency. The proper description of the 
injection process is necessary, which is carried out by the fitting of the current-voltage (I-V) 
curve of a real unipolar (single type of charge carrier) device using the known models or 
numerical models. 
   In the early stages of OLED research, the injection process had been considered to be best 
described in the term of Fowler-Nordheim tunneling5-7. Nowadays, it is shown that thermionic 
emission with an imaging force barrier lowering (see Section 1.3 in detail) is the correct 
description8, at least for the modest barrier height and most voltages of interest. In this model, 
the number of injected charge carriers is reduced by surface recombination in which a charge 
in the organic layer recombines with the image charge in the electrode. The image potential 
forces most of the carriers to jump back into the electrode after entering the organic layer, 
only by an external field the charges can overcome the image potential. 
b. Charge carrier transport 
   In organic semiconductors, the charge carrier transport is a stochastic process of hopping 
between isolated molecular sites rather than a coherent motion in a well-defined band. This 
results in a low carrier mobility, which is typically between 10-3 and 10-7 cm²/Vs at room 
temperature and in many cases strongly depends on the temperature and the applied electric 
field9. A description of temperature (T) and field (F) dependence of the mobility associated 
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with hopping transport is the Poole-Frenkel form10, derived from the assumption of a 
decreased hopping energy with increasing local internal field: 
                     )exp()( FF o βµµ =              at constant temperature                                (1.1) 
                      21 )/(ln TT−∝µ                       at constant field                                            (1.2) 
µo is zero field mobility. Based on a model for carrier hopping in a Gaussian distribution of 
states. Bässler et al.11 proposed a similar expression of mobility µ(F) ∝ exp (β√F) but with a 
more complicated dependence of the temperature. The results from the transient and steady 
SCLC measurement of hole- or electron-only devices confirmed that the mobility is thermally 
activated and has the field dependence shown as Eq. (1.1), and the mobility µ(T, F) in organic 
semiconductor is described more appropriately by the Bässler model12-14. 
   In most of the organic semiconductors, there are significant charge traps in the gap between 
the HOMO and the LUMO level. Sources for the traps can be the residual impurities from the 
material synthesis, but also structural traps due to the disorder of molecular conformation15. 
The trapped charges do not contribute to the transport. In the low voltage regime, where a 
small amount of charges is injected, traps drastically reduce the carrier mobility. This is called 
the trap charge limited (TCL) transport. Increasing the forward bias leads to more injected 
carriers and hence more filled traps. At a certain voltage, all traps are filled (trap filled 
limited). In this case, the device behavior resembles the SCL16. The effect of TCL transport is 
more pronounced in multilayer OLEDs. The energetic depth of the dominant trap Et and its 
density Nt can be derived from thermally stimulated current (TSC) experiment17. In Alq3, a 
trap energy Et for the electron of 0.6 eV and the density Nt of 2 x 1017 cm-3 were found18. 
   Additionally, it is found that the diffusion current due to the distribution of the space charge 
is negligible in the field range of interest for most OLEDs19, 20. Hence, for the unipolar device, 
the device current equals approximately the drift current of the carriers 
                                                               neFI µ=                                                                (1.3) 
where n is the density of holes or electrons. 
c. Recombination and radiative decay 
    It has been demonstrated that recombination in organic LEDs is a bimolecular process 
following the Langevin theory21- 24 because of a short mean-free path of the carriers and the 
low carrier mobility of amorphous organic materials. The electrons and holes approach each 
other with a distance in which their mutual Coulomb binding energy exceeds the thermal 
energy kBT, and inevitably recombine (electron-hole capture). The recombination process is 
diffusion- controlled,  the  recombination  constant  R is  proportional  to  the  carrier  mobility  
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                                                    εε
µµ
o
ehqR )( +=                                                         (1.4) 
and the generation rate for excitons Ge  
                                                        qRnpGe =                                                                   (1.5) 
where n(p) is the density of electrons and holes,  εo is vacuum permittivity and ε is relative 
dielectric constant. The total current density in OLEDs therefore includes the double-carrier 
drift current and the contribution from the recombination; the latter is manifested in the 
continuity equation 
                                              qRnp
dx
dj
dx
dj ne =−=                                                              (1.6) 
   The light emission is determined by the competition between the radiative and nonradiative 
decay channel as shown in Fig. 1.3. Simple spin statistics argument predicts that the ratio of 
production of triplet to singlet excitons is 3:1, since the triplet state is threefold degenerate. 
For the common organic molecules with a weak spin-orbit coupling, only the radiative decay 
of singlet excitons is allowed, triplet excitons will decay nonradiatively. 
S 1
S 0
T n
T i
T 1
c
b
a
d
 
  
 
 
 
 
   If the singlet excitons diffuse without quenching, they inevitably decay. The internal light 
emission S is 
                                                        dxxsS
L
s
∫∝ 0
)(
τ
                                                             (1.7) 
Fig. 1.3. Schematic representation of pathways for singlet decay as well as triplet excitation 
and decay. Solid arrows represent radiative processes, corresponding to emission of light; 
dashed line denotes non-radiative processes. Fluorescence (a), intersystem crossing (b), 
photoinduced triplet- triplet absorption (c), and phosphorescence (d) are represented. S0 is the 
ground (singlet) state, S1 is the first excited singlet, T1 the fist excited triplet, and Ti and Tn 
are higher triplet states. 
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where s(x) is the density of singlet excitons and sτ is its lifetime. There are several prominent 
quenching mechanisms: (1) quenching at or near the injection contact. (2) quenching due to 
chemical doping by impurities. (3) quenching by free charge carriers, which limits the 
efficiency at very high operating voltage. 
   In order to enhance the quantum efficiency of OLEDs, emitter dopants are often used25, 26. A 
certain amount of dopant molecules (guest) is evaporated together with host molecules. They 
have a much higher PL efficiency compared with host molecules and act as traps for free 
charge carriers. If an energy transfer from a singlet exciton of the host to the exciton of the 
guest is favourable or free charge carriers can recombine directly on guest molecule, almost 
all light emission originates from the guest molecule. 
   There are two ways in which the exciton can be created at an emitter dopant: (1) The 
recombination of a trapped hole (or electron) with another free charge carrier and (2) the 
energy transfer from a host molecule to a guest molecule. Process (2) is called Förster energy 
transfer between molecules. The energy transfer rate has been investigated extensively by 
several groups. 
d. Device model 
   One will expect that device models for OLEDs will be developed to describe current-
voltage-luminance behavior and to carry out the performance optimization based on the 
material parameters and the processes considered above. However, in general, there is no 
analytic solution for the bipolar current behavior relevant to complete OLED structure. Only 
when both electron and hole mobilities are field-independent, when the diffusion and trapping 
can be completely ignored, and when both anode and cathode provide ohmic contacts a 
complete solution can be obtained27, 28. Furthermore, many of important properties of organic 
materials are poorly known at present. This makes it difficult to evaluate the measured I-V 
features of such devices. The most realistic way is to set up a numerical model based on some 
properly- determined material parameters, which has been made by a number of groups18, 19, 29, 
30. However, none of the models can give a complete and detailed description for the device 
operation. Most of them can only describe the behavior of the device with special materials 
and configurations. 
 
1.3 Simple models for I-V curves 
   In the following, we consider some models that describe the process of charge carrier 
injection and transport in the semiconductors. These models are appropriate for inorganic 
semiconductors with an extended band state and under the condition of unipolar devices in 
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which predominantly one type of charge carrier is involved. For the materials used for organic 
LEDs, only localized disorder states exist and the carrier mobility is low. However, these 
models provide a good starting point for analysing and understanding the carrier injection and 
transport behavior in organic semiconductors and even in OLED devices. 
 
 
 
 
 
   Carrier injection into a semiconductor is usually treated in terms of Fowler-Nordheim (FN) 
tunnelling or Richardson-Schottky (RS) thermionic emission. The FN model ignores the 
image charge effect and considers merely the tunnelling from the metal through a triangular 
barrier into an unbound continuum state (see Fig. 1.4 (a))31. It predicts a temperature 
independent injection current density 
                                              )
3
2exp(
2/3
2
qF
BFj BFN
∆
−=
α
                                                  (1.8) 
with 
Bh
qB
∆
=
π8
3
 and 
h
m*24π
α = . m* is the effective mass of the charge carriers, and 
φB the potential barrier for carrier injection. The FN model can give the reasonable value for 
the injection barrier in the high field case. 
  The RS model is based on the image force lowering of the barrier height (see Fig. 1.4 (b))31, 
32. The carriers are injected when they acquire a sufficient thermal energy across the potential 
maximum that results from the superposition of the external and the image charge potential 
                                   )exp()( 2*
Tk
F
TAFj
B
RSB β−∆−=                                                 (1.9) 
∫−
x
dxxFe
0
)(  
∫−
x
dxxFe
0
)(  
F = 0 
F > 0 
EF 
∆B ∆B 
Tunnelling 
EF 
(a) (b) 
Fig. 1.4. Schematic diagram of two models for the injection process: (a) Fowler-Nordheim
(FN) tunneling model, (b) Richardson-Schottky (RS) thermionic emission model. 
x
e
oεπε16
2
−  
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with the Richardson constant 32** /4 hkmA Bπ=  (= 120 A/(cm²K²) for m* = mo) and 
o
RS
q
πεεβ 4
3
= . This model neglects the inelastic backscattering of the hot carriers during 
the injection. In the disordered organic semiconductor, the injected carriers have to overcome 
the random energy barrier caused by disorder, which leads to an enhanced backflow of 
injected carriers into the electrode. This process of the injection into a disordered hopping 
system has been studied analytically33 and by Monto-Carlo simulation34, 35. For example, the 
simulation by Wolf et al.35 showed that although the injection mechanism resembles the RS 
model, a quantitative difference exists concerning the absolute values of the current, which is 
found by orders of magnitude lower than that predicted by the RS constant. Additionally, 
some work to overcome the shortcomings of the two models considers the inclusion of the 
tunnelling contribution into the RS model36.  
  When the carrier injection into the transport layer is efficient enough, so that the injection 
contact is able to provide a higher carrier density than the material has in thermal equilibrium 
state without carrier injection, the SCL current can be observed.  
   In the case of a perfect insulator without intrinsic carriers and traps and for the carrier 
mobility independent of the electric field, the SCL current density obeys the Mott-Gurney 
equation37 
                                                     3
2
8
9
d
Vj oSCLC µεε=                                                        (1.10) 
where d is the thickness of the layer and  µ is the carrier mobility. The importance of the trap-
free SCLC is that it is the maximum possible unipolar current a sample can sustain at a given 
applied potential. 
   In the presence of traps, the current is in general lower. At very low voltages, one expects an 
ohmic conduction via thermally generated free charges in the bulk. The current density is 
described by 
                                                       dVnej o /µ=                                                              (1.11) 
where no is the density of the thermally-generated background free charges. Increasing the 
voltage leads to the filling of traps gradually. This reduces the density of empty trap states and 
thus increases successively the effective carrier mobility )/( tinjeff nnµµ = . Here nt is the 
total trapped charge density and ninj is the injected charge density. Therefore, a higher power-
law dependence of the current on the voltage is observed. In the case of an exponential trap 
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distribution in the gap, the TCL current density derived from the trap distribution is given 
by16, 31 
                            12
11
1
12
)1( +
++






+
+






+
= l
lll
t
o
LUMOTCLC d
V
l
l
lqN
l
qNj
εε
µ                               (1.12) 
where l is given by TkEl Bt /= and NLUMO is the density of states at the LUMO level. The 
value of l can be experimentally obtained from the slope of lnj versus lnV. From Eqs. (1.11) 
and (1.12), the transition from ohmic to trap-limited conduction occurs at the voltage VΩ-T 
                            
( )
m
m
t
m
LUMO
o
T m
mmdqN
N
n
V /11
)/12(2/1
)12(
)1(/
+
+
−Ω +
+






=
ε
                               (1.13) 
At sufficiently high injection level, traps are completely filled and therefore they do no longer 
influence the transport of electrons. An ideal SCL behavior is expected.  
 
1.4 Electroluminescent efficiency 
   The internal quantum efficiency ηint of organic LEDs, defined as the ratio of the number of 
photons produced within the device to the number of electrons flowing in the external circuit 
is given by38 
                                                         PLsηγηη =int                                                              (1.14) 
where ηPL is the PL quantum efficiency (the efficiency of radiative decay of all singlet 
excitons) and ηs is the efficiency of the production of singlet excitons. γ is the charge balance 
factor which represents the ratio of the number of excitons within the device to the number of 
electrons flowing 
                                                                  jjr /=γ                                                           (1.15) 
with the recombination current 
                                               eehhr jjjjj ′−=′−=                                                         (1.16) 
and the total current in external circuit 
                                               heeh jjjjj ′+=′+=                                                           (1.17) 
where je,h is the injected electron and hole current, respectively and j’e,h denotes the respective 
fraction reaching the counter electrode without recombination. In order to achieve an efficient 
EL it is therefore necessary to have a good balance of the electron and hole current and an 
efficient electron-hole capture within the emissive layer, the obtainment of the γ up to one is 
desirable. One can discuss the recombination current jγ based on the examination of charge 
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recombination region. When a narrow recombination region is located within an emissive 
layer, the local charge density will be sufficiently high to ensure that each charge carrier 
passes within a collision capture radius of at least one other carrier. An efficient capture can 
thus be obtained. In the molecular OLEDs, the two-layer structure provides the necessary 
energetic barrier for the carrier transport at the heterojunction between two semiconductor 
layers, which effectively localizes the recombination at or near the interface so that the current 
balance can be achieved.  
   The maximum value for the efficiency of singlet exciton production ηs is 1/4 due to spin 
statistics for the production of singlet and triplet excitons. This sets an upper limit of 25% for 
the conversion efficiency of injected carriers into photons via the singlet excitons. It has been 
demonstrated recently that by choosing a material with a high yield of short-lifetime 
phosphorescence, the triplet emission can be harvested for making very efficient organic LED 
devices39, 40. The PL efficiency ηPL is mainly governed by the intrinsic electronic nature of the 
molecular materials used. The appropriate emissive centers should be selected carefully and 
the quenching process of singlet exciton, which may decrease the PL efficiency, should be 
hindered. 
   Due to the losses of light emission by total internal reflection and wave-guide within the 
device, the internal quantum efficiency ηint is connected to the external quantum efficiency 
ηext by a factor ηout41 
                                                             ηext = ηintηout                                                            (1.13) 
where ηext is defined by the ratio of the number of emitted photons outside the device to the 
number of charges injected into the device and ηout is approximately evaluated by using the 
refractive index of emissive medium n 
                                                         22/1 nout =η                                                              (1.14) 
 
1.5 The development of organic LEDs 
   The first prototype OLED by Tang et al3 consisted of an aromatic diamine as hole transport 
layer, a highly efficient electron transport and emissive layer of Alq3, and a magnesium-silver 
alloy as electron injection contact. The OLED needed a voltage of 5.5V to reach a luminance 
of 100 cd/m² and had a current efficiency of 2 cd/A. Since then, intensive effort has been 
made to improve the device performance, i.e. the reduction of operating voltage and the 
enhancement of the EL efficiency (the definition of several types of ‘efficiencies’ for the 
OLED is given in chapter 2). The OLED optimization can be done by utilizing new molecular 
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layers with appropriate properties as well as new device structures, which includes two main 
aspects: (1) the enhancement of injection and transport of holes and electrons; (2) the progress 
regarding the EL emissive layers. Here, the aspect on the material synthesis and 
characterization is not the focus. Its status has been reviewed in refs [42-44]. 
a. Electrode interfaces 
   The nature of the interface between the electrode and the organic layer is of paramount 
importance in determining the charge carrier injection and thus the device performance. The 
control of the interface may be one of the most important factors in the success of OLEDs45. A 
combined experiment-theory approach is applied to a wide range of π-conjugated polymers 
and molecules as well as to the early stages of metal/organic interface formation45, 46. Two 
important factors will be considered: (1) chemical interaction at the interface; (2) the 
cleanliness of the materials and atmosphere (vacuum system) under which the interface is 
formed. 
    Interfacial chemical reaction may lead to the diffusion (e.g. molecules or metallic atoms) 
and doping (e.g. by dopants or impurities) at the interface region as well as the formation of 
an interfacial layer. Salaneck et al. have studied the interaction between the polymer surface 
and the submonlayer of various metals by XPS and UPS. For the case of the alkali- and 
alkaline earth metals sodium and calcium deposited in situ upon a clean surface in ultrahigh 
vacuum (UHV), the interaction with PPV leads to the occurrence of Na+ and Ca+2 cations 
accompanied with a n-doping of PPV47, 48, which stores charges in the bipolaron band within 
the LUMO-HOMO gap. In contrast, when there is a large amount of oxygen-containing 
species at the PPV surface (as a result of exposure of the sample in air), an interfacial layer of 
calcium oxide is formed with a thickness of 2-3 nm during the deposition of calcium in 
UHV49. Only then the metallic calcium is deposited. Such a thin layer of calcium oxide is 
observed to increase EL efficiency and device lifetime50. On the other hand, the deposition of 
aluminium on clean PPV (or a substituted PPV) surface leads to the diffusion of Al atoms into 
the near-surface region and to the formation of covalent bonds with the PPV that is localized 
within a characteristic length scale of 2-3 nm51. 
   Additionally, a dipole layer may be formed at the metal-organic interface due to a charge 
transfer, a redistribution of the electron cloud, and an interfacial chemical reaction52, 53. As 
observed by Seki et al54, 55, the deposition of molecular TPD on a clean Au or ITO surface 
leads to the interfacial dipole with a magnitude ∆ = -0.3− -0.5 eV which indicates a downward 
shift of the vacuum level of TPD side relative to the metal side. The dipole effect is more 
pronounced at some metal-on-organic interfaces such as Al or Au on an Alq3 layer. The 
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values of ∆ are bigger than 1 eV55, 56. For the interface with a dipole layer, the carrier injection 
barrier will be modified by -∆ from the simple case in which the vacuum level is aligned at 
the interface. The modification is critically important for the carrier injection property. 
   While the clear evidence for strong chemical interactions at metal-organic interfaces, the 
size of the energy barrier for electron and hole injection still scales with the electrode work 
function57. In absence of doping, interfacial dipole and other interfacial effects, and assuming 
a vacuum level alignment, the energy barrier for carrier injection is given by the energetic 
offset between work function of the used metal and the energy level (HOMO or LUMO) of 
the organic materials (see Fig. 1.2)  
b. Hole injection and transport    
   ITO commonly serves as the anode of OLEDs. Although its properties such as the work 
function and the surface morphology vary drastically on the preparation condition, ITO offers 
a combination of high transmission (> 90% at 550 nm) and a low resistivity that is hard to 
replace. It has been found that an oxygen plasma treatment58, 59 or an UV-ozone cleaning60 of 
ITO can enhance the work function and remove the surface contamination so that the hole 
injection and the device efficiency can be improved. On the other hand, the introduction of a 
hole-injection layer will be more favorable in many cases. Their purposes are to enhance the 
hole injection, meanwhile to improve the contact at the ITO/organic interface as well as to 
hinder the release of indium and oxygen into the emissive layer and thus to increase the 
device stability.   
   Small molecular copper phthalocynanine (CuPc) 61, 62 and star- burst m-MTDATA layers63, 
64 have been used as such interfacial layer. The interposing of thin CuPc (12-15 nm) or m-
MTDATA lowers the operating voltage and enhances drastically the device stability of 
molecular OLEDs. The ionization potential (corresponding to the HOMO level) is 5.1-5.3 eV 
for CuPc65 and 5.1 eV for m-MTDATA66, in between the HOMO of HTL and the Fermi level 
of the ITO, and therefore lowers the energetic barrier for the hole injection. The ITO/m-
MTDATA contact is believed to be nearly ideal ohmic at higher fields. High device stability 
is attributed to the favorable feature for forming amorphous films. However, their glass 
transition temperature (Tg) is relatively low, which will lead to the crystallization and thus to 
an interfacial roughening upon thermal stress and will be disadvantageous to the long-term 
stability.  
   Some of the chemically doped conducting polymers have been used as buffer layer on 
polymeric LEDs. These p-doped conjugated polymers, including polyaniline and 
polythiophene derivative PEDT (see Chapter 5), show a good environmental stability and a 
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high transparency. Upon cast on ITO by a solution process they behave as a modified anode 
due to their metallic properties. Several groups have reported that the polymer anodes 
improve the hole-injection and device efficiency67-71. Furthermore, these polymeric layers 
planarize the anode surface and thus reduce the probability of electrical shorts and 
additionally hinder the diffusion of indium and oxygen from ITO into the emissive layer, 
which results in an improved device uniformity and longevity. These doped polymeric anodes 
have a high work function of 4.8-5.0 eV7, 72, providing a low barrier for hole injection. It is 
also likely that there is some diffusion of dopant of the polymeric anode into the 
semiconducting layer, leading to a dopant profile within this layer. Such a diffusion process 
must be restricted close to the interface to provide a stable operating over a long time. It was 
indeed found that the devices with polymeric dopant show a longer operating time relative to 
those with small molecular dopant. The polymeric dopant is expected to be relatively 
immobile68. 
   Due to large surface energy mismatch at the hydrophobic arylamine HTL-hydrophilic ITO 
anode interface, physical dehesion/dewetting will undergo for the HTL especially for the low-
Tg TPD, which leads to a poor hole-injection contact and a thermal instability of OLED. Cui 
et al have modified the ITO-HTL contact by the introduction of an ultrathin tricholorsilyl-
functionalised triarylamine (TAA) and TPD (TPD-Si2) from a self-assembly process73, 74. Due 
to the structural similarity to a HTL such as TPD, TAA or TPD-Si2 moderates effectively the 
surface energy mismatch at the anode-TPD interface so that TPD completely wets the 
ITO/TAA (TPD-Si2) surface even upon thermal stress. This promotion of the interfacial 
contact/adhesion significantly enhances the hole-injection efficiency which originates from 
the reduced interfacial contact resistance. Furthermore, the OLEDs with the anode-adhesion 
layer exhibit excellent thermal stability, as a consequence of the suppressing of dehesion and 
crystallization of the hole transport TPD layer. 
    Nanoscale layers (in a range of several Å to several nanometers) of inorganic insulating 
oxides have also been utilized as hole-injection contact for molecular OLEDs. The insertion 
of an ultrathin SiO2 layer can improve the EL efficiency75, which is attributed to a decrease of 
the barrier height for hole-injection due to the existence of a dipolar layer at the interfacial 
contact76. A thin CuOx interlayer prepared by the oxidation of a deposited Cu layer, plays a 
similar role on enhancing the hole injection77. However, its disadvantage is the reduced 
transmission of the ITO anode even for a thickness in the nanometer range. Recently, studies 
on the effect of a Nickel oxide (NiO) layer on the OLED performance have been reported78. 
NiO is a p-type transparent conducting oxide with a high work function of 5.0 eV. Thin NiO 
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sandwiched between the ITO anode and the HTL results in a much more efficient hole- 
injection relative to other oxide buffers. Additionally, an ultrathin layer of the high-work 
function Pt metal has been deposited on ITO to constitute a modified ITO anode79. The 
modified anode enhances drastically the hole-injection efficiency and the contact between the 
ITO and the TPD layer became nearly ohmic, which reduces remarkably the operating voltage 
of the TPD/Alq3 device. However, such devices show a lower breakdown threshold compared 
to those without a Pt layer. 
   On the other hand, much effort has been made to develop novel hole-transport layers that 
exhibit good hole injection/transport properties and the feature of forming a stable glassy film 
with high Tg. Some examples are PPD and ISB80 (the amine- constituents of TPD family), 
tetramer and pentamer of triphenylamine TPTE and TPPE with high Tg81, as well as the star-
shaped molecules63. The p-type doping of hole transport layers is another effective approach 
to enhance the hole injection and transport of the HTL. It results in two important effects: (1) 
remarkably enhanced bulk conductivity of the HTL and thus a reduced series resistance of the 
device. (2) a thin space charge layer in the HTL near the anode/HTL contact which enables 
more efficient tunnelling injection of holes similar to the behavior of a Schottky contact. 
Chemical doping of conjugated polymers by various dopants (FeCl3, I2 and SbCl3, etc) from 
the solution process is a simple way82- 84, and OLED devices with 650 nm thick HTL have 
been prepared with a low operating voltage82. Leo and collaborators have doped a molecular 
HTL with F4-TCNQ by coevaporation of the HTL and the dopant in high vacuum85. Using a 
p-i-n LED structure (i.e. p-doped HTL/intrinsic emitter layer/n-doped ETL)86 and a thin block 
layer between the HTL and the emissive layer87, they have realized a very low operating 
voltage of 2.55V together with a high EL efficiency. 
 
   In the present work, we will utilize the semiconducting and conducting polythiophenes from 
an electrochemical process as hole-injection contact. The attempt is made to improve and 
optimize the hole-injection by adjusting the doping level of polythiophene interlayers, in order 
to enhance the performance of small molecular OLEDs. 
 
b. Electron injection and transport 
   In order to achieve an efficient electron injection, low-work function metals such as 
magnesium or calcium should be used as cathode. However, these reactive metals are unstable 
under ambient conditions. Aluminium and the alloy of magnesium and silver provide more 
stable cathodes. Unfortunately they show an inefficient electron injection. The alloys of Al 
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and low-work function metals (e.g. Al:Li) are better choice. An even better approach is the 
introduction of a thin insulating lithium-fluoride (LiF) layer between the electron transport 
layer (ETL) and Al cathode88, 89, which enhances dramatically the electron injection and the 
device efficiency although the mechanism is not completely clear yet. A similar effect was 
observed for utilizing alkali- or alkaline earth metal fluoride layers88, 90, as well as organic 
complexes such as alkali metal benzoate (C6H5COOLi)84 and lithium quinolate (Liq)91. It is 
generally believed that free lithium is released from the thin interlayer into the ETL leading to 
an n-type doping, which is supported by the work of Kido et al.92. By direct mixing of Li 
atoms into the ETL near the cathode the same effect was observed. Recently, it was also 
observed that a thin NaCl layer can act as an effective electron injection medium93. At the side 
of the ETL, some materials with higher electron transport capability than Alq3 have been 
utilized, such as tri(4-methyl-8-quinolinolato)aluminium (Almq3)62, 4,7-diphenyl-1,10-
phenanthroline (Bphen)86 and oxadiazoles94. 
c. Light emission 
    One approach for improving the EL efficiency is to search for new emissive materials, for 
example chelate metal complexes95 or other emissive molecules in the Alq3 family (e.g. 
Almq3)62. However, a more successful way was the use of emitter dopants. Organic dopant 
molecules with excellent PL properties are blended by an amount of 1-3 % into the host layer. 
With doping the energy is transferred from the host molecule to the guest, or excitons are 
directly created on the guest molecules. The typical efficiency of OLEDs with pure Alq3 as an 
emitter, which is up to 5 cd/A88, 92, 96, can be increased to more than 10 cd/A26,  62. 
   In order to achieve higher efficiencies, one has to overcome the limitation by the spin 
statistics. As shown in the preceding sections, in the common organic emitter molecules, only 
the singlet state can decay radiatively, and 75% triplet excitons decay nonradiatively. One 
approach is to introduce species that will allow efficient triplet luminescenece 
(phosphorescence). This can be provided by high-atomic-number elements with strong spin-
orbit coupling. The platinum porphyrin or the Ir (ppy)3 complex has been successfully used as  
dopant in both molecular39, 40, 97, 98 and polymeric99 hosts. Both singlet and triplet excitons 
generated in the host material are collected in the phosphors which show efficient 
phosphorescence. Excellent current efficiency up to 67 cd/A and luminous efficiency of 55-65 
lm/W has been achieved recently100, i.e. nearly 100 % internal phosphorescence quantum 
efficiency is reached. Such type of emitter molecules shows a much narrower emission than 
the singlet emitters. However, since the lifetime of phosphorescent state is long, the 
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probability of energy back-transfer and triplet- triplet annihilation is increased which results in 
a reduced efficiency at higher voltages. 
 
1.6 Differences between small molecular LED and polymeric LED 
   The preceding sections have placed an emphasis on those OLEDs deposited by vacuum 
sublimation of low-molecular-weight organic semiconducting materials. The counterpart to 
the molecular LED is the polymeric LED (PLED) with conjugated polymers, which is 
prepared by spin-coating from solution. 
   In principle, the device 
physics and EL mechanism is 
quite similar for both types of 
OLEDs. Although PLEDs may 
be multilayered, they can be 
distinguished from small 
molecular devices by combining 
more than one feature (charge 
injection and transport, 
emission) in a single layer. The 
early-stage PLED device 
showed a very low efficiency of  
0.3% and a short lifetime4. However, in the past decade new EL polymer materials and 
chemical purification processes have been developed extensively, also the multilayer 
structure, e.g. an additional hole injection layer, is introduced. The present PLED devices 
made from e.g. the derivatives of PPV and polyfluorene have high efficiency and long 
lifetime comparable to the small molecular counterpart101-103. Table 1.1 shows the 
representative data of a range of PLEDs recently achieved. Furthermore, the operating 
voltage of PLEDs (2.5-3.5 V) is usually lower compared to small molecular OLEDs (4.5-6 
V). The underlying reasons are given as follow: (1) thinner organic layer for PLED (60-100 
nm); (2) occurrence of band bending at the metal contact, which eases the charge carrier 
injection. The behavior may be caused by the unintentional doping from intrinsic 
impurities105.  
   From a technological point of view, the differences between molecular LEDs and polymeric 
LEDs lie in two aspects. One aspect is involved with the difference of preparation processing. 
The organic materials for small molecular LEDs can be cleaned repeatly by train sublimation 
Table 1.1 The performance data of representative polymer 
OLEDs. 
Color Efficiencya 
(lm/W) 
Brightnessb 
(cd/m²) 
Lifetimec 
(h) 
Red 2.15 2000 > 40,000 
Green 18 104 >104 
Blue 1.5 103 2500 
Yellow 21 105 14,000 
White 1.37 400 7000 
Source: from ref. 104. 
a. At 100 cd/m² 
b. At 5.5 V 
c. Room temperature data 
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until the purity reaches the desired level and the evaporation in the HV conserves the purity, 
which will increase the EL efficiency. Furthermore, the deposition of layers as many as 
needed (also including the dispersion of emitter dopants) can be easily done by consequent 
evaporation (or coevaporation) in vacuum to obtain high EL efficiency. In contrast, the 
polymer layers from solution processing sometimes suffer from the impurities originating 
from their synthesis or remainder of solvents. Furthermore, the number of polymer layers is 
usually restricted to two, because the solvent of every new cast layer must not dissolve the 
underlying layer. Thus it is not easy to maintain balanced charge injection and transport over a 
reasonable voltage range in single-layer device. The imbalance results in the loss of EL 
efficiency. To overcome this limitation, mixed layers of a matrix polymer and several 
transport molecules are sometime used but they suffer from a decreased mobility106. However, 
the fabrication of polymer devices from solution processes is relatively simple and cheap 
especially for recent solution-patterning techniques such as ink-jet printing107. 
   The second difference between molecular OLEDs and PLEDs lies in the thermal and 
mechanical durability for both types of OLEDs. The amorphous layer for small molecules 
undergoes crystallization during the device operation especially upon thermal stress, which 
results in a device instability. Moreover, such OLEDs usually are lack of mechanical 
durability. In contrast, PLEDs based on polymer layers can avoid the problem of thermal 
instability, and show a good mechanical durability so that such devices can be fabricated on 
the flexible substrates. 
   At present, it is not clear which process technology succeeds or if both will coexist. Both 
exhibit some advantages and comparable device performance. Hence the choice of the 
material system should depend on the application. Both types of the OLEDs have been 
developed worldwide, with more intensive activities for molecular OLEDs in Japan. 
 
1.7 Status towards applications 
   The performance of the present organic LEDs has met many of the targets necessary for the 
application in displays. In 1997, Pioneer commercialised the OLED in a 256 x 64 pixels green 
monochrome display108. Soon after they started to produce the car stereos with a multicolour 
dot matrix display based on small molecular OLEDs109. Backlightings and segmented displays 
were available by Philips based on polymer LEDs. In 2002, a novel 17-inch full-color XGA 
display (1280 x 768 pixels) had been exhibited by Toshiba110. Today, many companies are 
performing the development of OLED displays, and OLED sales are forecasted to reach 5.8% 
of the total worldwide flat-panel revenue by 200742. 
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   The organic EL display is an emissive display, providing certain fundamental advantages 
over liquid-crystal display (LCD) for high-quality and high-information-content video 
application. The advantages include wide view angle (> 170o), fast display response time 
(microseconds), broad color range and high dark contrast. It is now viewed as an important 
competitor with LCD for a variety of displays. The first application will focus on mobile 
phones, personal digital assistants (PDA), digital cameras, camcorders and car electronics. 
However, high-information-content displays for computers and TVs will likely not be targeted 
in the next several years. This market will explode with the development of the more effective 
technology for producing large-area flat panel display, and with the availability of the OLEDs 
that are more stable and consume very little energy. 
   There are two types of OLED display architectures: passive matrix and active matrix. A 
passive matrix-addressed display has a relatively simple construction. However, it requires 
that the pixels are driven row-by-row under pulsed condition. Both resistance loss in the 
conductive track and efficiency reduction for the diode at high current densities limit the pixel 
number and thus the display size and the resolution. In an active-matrix display, each 
individual pixel can be switched on or off within a frame time by the underlying polysilicon 
transistor drive circuit. Therefore the drive does not suffer from the limitation occurring in 
passive matrix display, which makes it suitable for large-area and high- resolution displays. 
Demonstrators for such a display have been made101. 
 
1.8 Previous effort to utilize electrochemical process in OLED fabrication 
   Most of the conducting conjugated polymers employed as carrier injection contact in 
OLEDs, such as polyaniline and PEDT, are prepared by chemical polymerization, i.e. 
oxidative polymerization using the catalysts from which solution possible polymers are 
available. Another approach for polymer synthesis is the electrochemical polymerization (see 
detailed in Chapter 2). Electropolymerization proceeds by a succession of electrochemical 
reactions based on the coupling of radical cations produced from the electroxidation of 
monomers on the anode surface111. Compared to chemical polymerization, it presents several 
advantages such as rapidity, absence of catalyst and thus high chemical purity, control of film 
thickness by the deposition charge, and obtainment of the polymer in the oxidized conducting 
form. In particular, the oxidation state (i.e. doping level) of the polymer can be adjusted 
conveniently in successive electrochemical redox (reduction-oxidation) processes. Since the 
doping level corresponds to the energy levels such as the work function of the polymer (see 
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details in Chapter 5), one can actively influence the opto-electrical and carrier 
injection/transport properties of the polymer by an electrochemical treatment. 
   One of the attempts for utilizing the electrochemical process in the OLED preparation is 
light-emitting electrochemical cell (LEC). Pei et al.112 have shown that with the addition of a 
salt and ion transport material such as poly(ethylence oxide) to the conjugated polymer, very 
low barriers for the charge injection are found. They attributed it to the formation of a p-doped 
region near the positive electrode and an n-doped region near the negative electrode in the 
polymer, with the doping arising from electrochemical reaction under drive condition. 
However, the phase separation in the polymer is a significant problem. Recently, Destri et al. 
utilized a carboxy-substituted polyalkylthiophene as an EL emission layer in PLED113. Gross 
et al. introduced poly (4,4’-dimethoxy-bithiophene) (PDBT) from the electropolymerization 
as the hole-injection interlayer for polymer LED114 and showed that the energy barrier for hole 
injection can be continuously tuned with the doping level of PDBT by an electrochemical 
doping process. However, the microstructure of the layers from the electro-polymerization is 
often not fully dense-packed and a large surface roughness may exist so that it is 
disadvantageous to such electronic application as in OLEDs. In the case of PDBT layer a very 
large thickness (ca. 550 nm) of the polymeric emissive layer is necessary to avoid the 
operating instability due to the inhomogeneity of PDBT, which results in a high operating 
voltage and a low luminous efficiency of PLED. 
    The morphology and electrical properties of electrochemically prepared polymer films 
depend strongly on the electrosynthesis conditions such as the nature of monomer and dopant, 
film thickness as well as anode111. The growth mode also plays an important role on the film 
morphology115, 116. It was found that in many cases 2D layer-by-layer growth takes place at 
least for the initial stage of the growth116. With the optimization of the parameters for the 
electropolymerization, homogenous ultrathin (lower than several tens of nanometers) layers 
with a low surface roughness can be prepared which fulfills the requirement for EL devices 
even for small molecular OLEDs. An alternative approach to the purpose is the 
electrochemical modification of polymer films cast from solution. For example, solution-cast 
poly(phenylensulfidephenyleneamine) (PPSA) has been electrochemically doped by Li et 
al.117 which allowed a continuous variation of electroptical properties as a function of the 
doping level. By electrochemical doping/depoping processes such kind of well-defined 
polymer with a controllable and stable doping level can be expected to serve effectively as a 
carrier injection contact in OLEDs, which will be the main subject of the present work. 
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1.9 Aim of this work 
    This work will focus on polythiophene (PT) and its derivatives prepared from 
electrochemical processes. The polythiophene family has a prominent position in various 
conjugated polymers due to the high environmental stability of its neutral and in many cases 
doped conducting state as well as its structural versatility to allow the synthesis of new 
derivatives by the substitution of side chains. These derivatives can show tailored features for 
the use in PLEDs113, 118 and organic field effect transistors119, 120. The electropolymerization is 
a common and preferred method to prepare PT layers even though the solution-processible 
PTs are available now. Generally, PT materials have a high hole mobility. Moreover, most of 
them show the HOMO level (for the undoped semiconducting state) or the Fermi level EF (for 
the doped state) in between EF of ITO and the HOMO level of HTL (e.g. NPB, TPD) of 
OLEDs which make it possible to serve as hole injection interlayer. Several investigations 
have been made on the injection and transport properties of several PTs in single-layer 
sandwiched devices121- 123. The water-soluble PEDT doped with PSS is the most well known 
among a few of PT materials acting as carrier injection layer. 
   In this work a more detailed and comprehensive insight of PT materials with respect to their 
carrier injection and transport properties will be given in the following aspects: 
   (1) The improved approach and growth condition of the electropolymerization is developed 
to fabricate well- defined ultrathin PT films favorable for the use in molecular EL devices. 
The film will be employed as hole-injection contact in order to reduce the large barrier for 
hole injection from the ITO anode into the hole transport layer. The device stability could be 
enhanced considering the possible improvement of the ITO/organic contact, as well as the 
high thermal and chemical stability of the PT materials. 
 (2) By the possibility to adjust the doping level of the polymer by electrochemical 
oxidation/reduction process, we intend to tune the electrical properties and energy levels of 
the highly electroactive PTs on ITO, which serve as the hole injection contact. Especially, our 
investigation will be focused on the cast layers with a smooth morphology since a well- 
defined morphology of organic layers is crucial for OLED fabrication. Our goal is to modify 
the energy barrier for hole-injection therefore to achieve an ideal hole-injection feature as well 
as improve the performance of OLEDs. 
 
                                                                                         Chapter 2 Main experimental methods 
           22 
2. Main experimental methods  
 
 
2.1 Determination of optical parameters of OLEDs 
   Since most applications of OLEDs will be related to the visible light emission, the optical 
characteristics of OLEDs are given in photometric and not in radiometric units. The four 
photometric fundamental quantities (luminous flux (in lumen (lm)), luminous intensity (in 
lm/sr (cd)), illuminance (in lm/m² (lux)) and luminance (in cd/m²)) are connected with the 
radiometric equivalents (radiant flux (in W), radiant intensity (in W/sr), irradiance (in W/m²) 
and radiance (in W/m²·sr)) by the 1931 CIE Standard Observer function (photopic function) 
V(λ). For example, the luminous flux ψV is defined as radiant flux ψe weighted by V(λ) in the 
following equation 
                                             ( ) ( ) λλλψψ dVK nm
nm emV ∫=
780
380
                                                (2.1) 
where Km = 683 lm/W is the conversion constant and dλ is the  wavelength increment (nm). 
Calibrating
Source
ComputerSpectrometer
  Integrating sphere
OLED
 
  
 
  The most important characteristic for the OLED devices is luminance that is usually 
measured by a calibrated photodiode. In our case, the luminance (cd/m²) is determined in an 
integrating sphere connected with a photo-spectrometer, which is calibrated by a known 
halogen lamp source. Figure 2.1 shows the scheme for the measurement system. The 
integrating sphere is a cell, which collects all of light radiance from the emitter. Its inner wall 
is a nearly ideal light-scatterer and thus an even illumination can be obtained. The light 
radiance  in  forward  direction  from  OLED  is  collected by  the upper  exit (about 10 mm in  
Fig. 2.1 Scheme of the optical characterization using an integrating sphere. 
 
                                                                                         Chapter 2 Main experimental methods 
           23 
diameter) of the integrating sphere 
and then the homogeneously 
scattered light is transported from a 
small exit on the wall to the 
spectrometer through a fiber system. 
The EL spectra of the device are 
obtained and the spectral intensity 
I(λ) is proportional to the radiant 
flux ψe of the OLED. At a given 
wavelength λi, the spectral intensity 
I(λ) is 
                                                  ( ) ( ) ( )ieii ASI λψλλ = .                                                      (2.2) 
  A is the conversion factor and S(λi) is the response of the spectrometer. 
    We utilize a calibration source with a known radiant flux ψeR(λ). Its spectral intensity is 
given by 
                                                 ( ) )()( ieRiiR ASI λψλλ =                                                     (2.3) 
Therefore 
                                                   ( ) ( ) )(
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Using the radiant flux data (ψeR(mW/nm) ~ λ(nm)) of the calibration source shown in Fig. 2.2 
and integrating the EL spectrum of the sample, the luminous flux ψV of the sample is 
obtained: 
                                         iieRi
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   Assuming a perfectly diffusive EL emission surface with a Lambertian emission (which is 
approximately the case for an OLED neglecting the effects of micro-cavity and Fresnel-
loss41), the luminous intensity IV(θ) at a given direction 
                                                      )cos()0()( θθ VV II =                                                     (2.6) 
IV(0) is the luminous intensity in forward direction, then 
                                                            
S
L V
∆⋅
=
π
ψ
                                                               (2.7)                     
where ∆S is the area of emission zone of the OLED, L is the luminance.                                                               
Fig. 2.2  Irradiant intensity of a halogen lamp source.
Wavelength step is 5 nm. 
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   To make an in situ optical characterization (in vacuum), we established a simple 
measurement system (as shown in Fig. 2.3). A probing head made of a fiber (0.2 mm in 
diameter), fixed on the back of an OLED perpendicularly,  receives the light emitted from  the  
fiber
chamber
probe
OLED
photospectrometer
 
 
 
sample.  The light is fed into a photo-spectrometer by the fiber, and the EL spectrum of the 
OLED is thus obtained. A calibration is made by comparing the peak intensity of the EL 
spectrum Ip(λ) (in counts) with the luminance value L (cd/m²) determined from the integrating 
sphere system for the same sample (both measurements are performed nearly simultaneously). 
It is found that a linear relation exists, e.g., the value of luminance can be given by the relation 
L (cd/m²) ≈ Ip (count)/35.2 for a sample geometry of 2.5 × 2 mm. Since we have specific 
sample geometry (2.5 × 2 mm or 2.5 × 4 mm) as well as specific measurement geometry and 
conditions (set-ups of the spectrometer), the luminance value for a given sample can be 
determined directly by the peak intensity of the EL spectra measured in situ. 
   OLEDs are mainly characterized by three efficiency values: 
(1) Luminous efficiency (ηp), or power efficiency (in lm/W) gives the ratio of the total light 
output in lumens to the electrical power in Watts 
(2) Current efficiency (ηc, in cd/A) is the ratio of the luminous intensity in forward 
direction and the current flowing through the OLED (the value is the same as the 
luminance divided by the current density). 
(3) Quantum efficiency (ηq, in %) is defined as the ratio between the number of emitted 
photons and the number of injected electrons. 
    Assuming a Lambertian emission at the operating voltage V, the luminous efficiency of 
an OLED can be calculated by 
Fig. 2.3 Schematic diagram of the in-situ optical measurement of an OLED in a vacuum
chamber. 
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   Emean is the average photon energy in a first order approximation related to the wavelength 
of emission peak λmax by Emean = hc/λmax. Pin and Iin is the input power and input current in 
the EL device, respectively. 
 
2.2 Electrochemical method 
   The electrochemical method is a powerful tool to study oxidation-reduction processes and 
the electronic properties of organic molecules (or layers) and polymers. The author will give 
at first a brief introduction of the electrochemical process and system, followed by some 
examples of its application for the preparation of OLEDs. 
2.2.1 Electrochemical processes and system 
   The electrochemical processes are concerned with the charge-transfer reactions at the 
electrolyte/electrode  interface.  In a typical  electrochemical cell  as shown in  Fig. 2.4124,  the  
overall chemical reaction is made up 
of two independent half-reactions on 
the Pt and AgCl/Ag electrode. Each 
half-reaction determines the interfacial 
potential difference at the 
corresponding electrode. Usually only 
one of these reactions is studied, and 
the electrode at which it occurs is 
called the working electrode. To focus 
on it, one standardizes the other half 
of the cell by using a reference 
electrode with a constant makeup and 
a fixed potential. 
Pt H2 Ag
Cl -
H+ AgCl
Fig. 2.4 A typical electrochemical cell: A Pt wire in a
stream of H2 and An Ag wire covered with AgCl in
HCl. The cell is written schematically as Pt/H2/H+, Cl-
/AgCl/Ag. Source: Ref. 124. 
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   The internationally accepted primary reference is the normal hydrogen electrode (NHE), i.e. 
Pt/H2 (a = 1)/H+(a = 1, aqueous) (see Fig. 2.4) 
   The electrode potentials are often measured and quoted with respect to other reference 
electrodes rather than to the NHE which is not very convenient from an experimental point of 
view. A common reference is the saturated calomel electrode (SCE), which is 
Hg/Hg2Cl2/KCl (saturated in water, at room temperature (RT)) 
Its potential is 0.242V vs. NHE. Another reference electrode is the silver-silver chloride 
electrode, 
Ag/AgCl/KCl (saturated in water at RT) 
with a potential of 0.197V vs. NHE. 
    Sometimes, one should have an estimate of the absolute potential vs. the vacuum level, for 
example, the estimate of the relative potentials of metals and semiconductors based on their 
work function or the comparison of the energy-level data obtained by the electrochemical 
method with those from other approaches (e.g. UPS). The absolute potential of the NHE (vs. 
vacuum level) is estimated as 4.5 ± 0.1 eV based on a certain thermodynamic assumption124, 
by which the standard potentials of other couples and reference electrodes are expressed in 
Fig. 2.5. 
-0.197
0
0.045
0.342
4.5
4.7
4.75
5.04
  -4.5
  -4.7
-4.75
 -5.04
NHE
Ag/AgCl
SCE
E1/2(Fc/Fc
+)
0
0.197
0.242
0.54
E vs. NHE
   (volts)
EF (Fermi level)
      (eV)
E vs. Ag/AgCl
     (volts)
E vs. vacuum
      (volts)  
 
 
   In an electrochemical process (in Figure 2.6), when a more negative potential is applied to 
the working electrode (connecting an external power supply to the cell), the energy of 
electrons is raised. After they reach a level high enough to transfer into empty electronic states 
on the chemical species (A) in the electrolyte, the electrons start to flow from the electrode to 
the solution (reduction, see Fig. 2.6(a)). Similarly, imposing a more positive potential can 
Fig.2.5 Relation between the potentials on NHE, Ag/AgCl and absolute scale (vs. vacuum
level), Source: Ref. 125. 
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lower the energy of electrons, and electrons on the species will transfer to the electrode at 
some point (oxidation, see Fig. 2.6(b)). The critical potentials at which these processes occur 
are related to the standard potential, E0. The E0s of the A/A+ and A/A- couples correspond in 
an approximate way to the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO), respectively. 
Potential
Energy level
of electrons
    Solution    Electrode
Vacant
MO
Occupied
MO
e
e
A + e A-
  A - e A+  
 
 
 
 
   In the electrode reaction, the number of electrons (denoted by the total charge Q) across the 
interface is related stoichiometrically to the extent of the chemical reaction. The relationship 
between charge and amount of the product formed is given by Faraday’s law, that is, the 
passage of 1F charges (F: Faraday constant) causes 1 equivalent of the reaction (i.e. 
consumption of 1 mole of reactant or production of 1 mole product in a one-electron reaction). 
The rate of the reaction 
                                                    )/()/( nFAismolR =                                                     (2.11) 
where n is the stoichiometric number of electrons consumed, A the electrode area and i is the 
current. 
The information about the electrode reaction can be obtained from a current-potential (i vs. E) 
curve. 
   Since the existence of the solution resistance Rs, in the experiments in which iRs may be 
high (e.g. involving the non-aqueous solution with a low conductivity), a three-electrode cell 
(shown in Figure 2.7(a)) is the standard electrochemical system up to date. In such a cell, the 
current is passed between a working electrode and a counter (or auxiliary) electrode, and the 
Fig. 2.6 Scheme of a reduction (a) and an oxidation (b) process of a species A in solution. The
molecular orbitals (MO) of the species shown are the lowest unoccupied MO (LUMO) and
highest occupied MO (HOMO). These correspond approximately to the standard potentials E0s
of the A/A- and A/A+ couples, respectively. Source: ref. 124. 
(a) 
(b) 
 
                                                                                         Chapter 2 Main experimental methods 
           28 
desired potential is applied between the working electrode and a reference electrode by a 
potentiostat. This arrangement prevents the reference electrode from being subjected to large 
current that could change its potential. Furthermore it minimizes the contribution from the 
voltage drop iRs to the electrode potential measured. 
 
     Potentiostat
  i
V
Working
electrode
Auxiliary
electrode
Reference
electrode
Ewk vs. ref
cell
 
 
 
   Figure 2.7(b) illustrates the cell used in our experiments. It consists of a glass container with 
a cap having holes for introducing the electrodes and nitrogen. Provision is made for oxygen 
to be removed from the solution by bubbling with N2. Then the cell is maintained oxygen-free 
by passing N2 over the solution. The reference electrode is an Ag/AgCl electrode, which is 
immersed into a tube of an internal solution (0.1 M N(Bu)4PF6 in acetonitrile) and isolated 
from the sample solution by a salt bridge. The potentials given in this work were calibrated by 
the formal potential of ferrocene (half-wave potential of Fc/Fc+ couple, see Section 2.2.2), 
which has a constant potential of 0.352 V relative to a saturated Ag/AgCl electrode in an 
aqueous solution. The auxiliary electrode is platinum. 
  
2.2.2 Voltammetry 
   The voltammetric method is the most commonly used electrochemical method, in which a 
controlled potential is applied to an electrochemical cell and the resulting current is measured. 
Various types of voltammetries have been developed which differ in the type of potential 
excitation waveform (e.g. potential step or potential sweep) and the state of the solution 
(quiescent or flowing) in the cell. 
   One key feature in voltammetry is the relationship between the potential applied and the 
concentration of the redox (reduction-oxidation) species at the electrode surface. Considering 
Working
Electrode
reference
 Ag/AgCl
counter
     Pt
purge N2 
Fig. 2.7 A three-electrode cell: (a) scheme, (b) cell used in our experiment. 
(a) (b) 
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a cell at open-circuit state (i = 0), the working electrode will keep equilibrium with the 
solution and exhibit an equilibrium potential Eeq related thermodynamically to the bulk 
concentration of the redox couple. It is assumed that the solution contains an oxidized species 
O which can be reduced to species R at the electrode according to 
                                                      RneO ⇔+                                                                  (2.12) 
If the charge-transfer electrode process is very fast (called reversible system), the potential of 
the electrode E is related to the concentrations of species O and R at the electrode surface 
(denoted as soC  and 
s
RC , respectively) by the Nernst equation 
                                           )ln(' s
R
s
oo
C
C
nF
RTEE +=                                                        (2.13)          
where Eo’ is the formal potential of the couple. (R: gas constant, T: temperature). 
   The change in surface concentration due to electrode reaction will lead to a concentration 
gradient and thus to a mass transfer between the solution and the electrode surface. A Nernst 
diffusion layer with a thickness δ exists near the electrode surface. In a reversible system, the 
ratio of electrode reaction is governed by the rate of mass transfer of the electroactive species, 
and the latter is proportional to the concentration gradient at the electrode surface. The current 
is therefore described by: 
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In the case of a stirred solution (with a fixed δ), the Eq. (2.14) is approximated as  
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where Do is the diffusion coefficient of species O, Co is bulk concentration of species O and x 
the distance from the electrode. The voltammogram (current-potential curve) of a fixed 
electrode can be derived by combining Eqs (2.13) and (2.14). 
    In the general cases where the interfacial charge-transfer kinetics is not so rapid (i.e. quasi-
reversible system), the current-potential curve will be obtained by the Butler-Volmer 
equation124 
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where ko is called the standard rate constant and α is the transfer  coefficient. 
   In the following, the operation principle is given briefly for two types of voltammetric 
methods, which are employed in our experiments. 
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Potential sweep methods 
    A typical voltammogram obtained by scanning the potential in the stirred solution is shown 
in Fig. 2.8125. The shape of the curve can be understood by considering the slope of the 
concentration-distance profile. As the slope increases due to the decreasing of soC , the current 
increases. A limiting cathodic current ilc reaches when surface concentration soC  becomes zero 
(
δ
oo
lc
CnFAD
i = ). The value of half-wave potential E1/2 (the potential at which the current is 
equal to ilc/2) is related to E0’ of the redox couple. Thus E1/2 can be used for the qualitative 
identification of chemical species. 
 
 
 
   Cyclic voltammetry (CV) is a very versatile technique among voltammetric methods. The 
CV measurement is performed in an unstirred solution by cycling the electrode potential and 
measuring the resulting current in the forward and backward direction. The controlled 
potential is a linear potential scan with a triangular waveform (inset of Fig. 2.9). 
   Fig. 2.9 provides an example of a CV for an ITO working electrode in a solution containing 
1.0 mM ferrocene (Fc) as electroactive species and 0.1M N(Bu)4PF6 as supporting electrolyte 
in acetronitrile. The potential is scanned positively from 0 V. When it is sufficiently positive 
to oxidize Fc, an anode current takes place (shown at b) due to the electrode reaction 
                                                             +→− cc FeF                                                          (2.17) 
   The current increases rapidly until the concentration of Fc at the electrode surface 
approaches zero, and the current peaks at d. Then the current decays as the solution 
surrounding the electrode is depleted of Fc due to its electrolytic conversion to ferrocenium 
Fig. 2.8 A voltammogram with a representative concentration-distance profile in a stirred
sloution. Source: Ref. 125. 
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Fc+. The scan direction is reversed at f. When the electrode potential becomes negative 
enough, the Fc+ accumulated near the electrode will be reduced ( cc FeF →+
+ ). The 
cathodic current rapidly increases until the surface concentration of Fc+ approaches zero and 
the current peaks. 
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  A detailed understanding of the CV curve can be gained by considering the Nernst equation 
(in a reversible system) or generally the Butler-Volmer equation as well as a diffusion-
controlled mass transfer process near the electrode. 
   Since CV can generate rapidly the new redox states during the scanning, it is very useful in 
obtaining information about the complicated electrode reaction. The important parameters in a 
cyclic voltammogram are the anodic peak potential (Epa), the cathodic peak potential (Epc), the 
anodic peak current (ipa), the cathodic peak current (ipc) and the formal potential Eo’ of the 
redox couple. For the electrochemical reversible couple, the formal potential, E0’ is given by  
                                                       
2
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Fig. 2.9 Cyclic voltammogram (CV) of 1 mM ferrocene (Fc) in 0.1 M N(Bu)4PF6/acetonitrile
solution. The scan starts at 0 V vs. Ag/AgCl electrode at a rate of 20 mV/s. Inset: excitation
signal for the CV. The Fc/Fc+ couple is used for the calibration of the potentials in our study
(its half-wave potential (formal potential) E1/2 has a constant value of 0.352 V vs. aqueous
Ag/AgCl. 
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The anodic (cathodic) peak current pcpa ii =  is proportional to 
2/1νoC , where ν is the scan 
rate. 
Potential step methods 
   In such methods, the electrode potential applied is a series of single potential-steps (called 
potentiostatic) or a sequence of the potential steps with different shape. For example, in the 
basic experiment of chronoamperometry, the current i(t) as a function of time is recorded 
corresponding to each potential step. By sampling the current at a fixed time τ during each of 
potential step experiments, the sampled current i(τ) vs. the potential can be obtained, which is 
called sampled-current voltammetry. The potential step methods are extensively used in the 
studies on the growth stages and growth mode of electrodeposited conducting polymers, as 
well as in the electrochemical doping process of the polymers (see Chapter 5).  
 
2.2.3 Some applications to organic semiconductors. 
2.2.3.1 Determination of the energy levels of organic semiconductors 
   As illustrated in Figure 2.6, the HOMO and LUMO levels are related with the standard 
potential E0s of an organic molecule in the oxidation and reduction process, which is 
manifested in the CV curve as the onset of the oxidation peak and onset of the reduction peak, 
respectively. Thus the solid-state ionization potential (IP, the energy difference between the 
HOMO level and vacuum level) and the electron affinity (EA, the energy difference between 
the LUMO level and vacuum level) can be determined by the following relations[126, 127] 
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where oxonsetE  and 
red
onsetE  are the onset potentials of the oxidation and reduction versus Ag/AgCl 
reference electrode (4.7 eV vs. vacuum level seen in Fig. 2.5). The bandgap Eg 
(electrochemical) is derived by EAIPEg −= . The values of these parameters determined by 
CV measurement can be compared directly with those obtained by other methods (e.g. UPS 
(for IP). However due to excitonic effect such Eg is not equal to the optical bandgap measured 
by UV-vis absorption spectra). In our measurements, a thin layer of the polymer (e.g. 
polythiophene) or a layer of organic molecules (e.g. NPB) is coated onto an ITO electrode, 
serving as a working electrode. However, the situation is complicated by a number of factors. 
For example, in an electrochemical oxidation, the negative counter-ions from the electrolyte 
must diffuse into the layer to maintain electrical neutrality. The presence of such counter-ions 
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can significantly alter the structure of the layer and hence alter the electronic properties. Since 
the onset of the oxidation is not sharp, it is often not clear which point on the CV curve should 
be taken as the ionization potential. Usually, the onset potential is determined from the 
intersection of the two tangents drawn at the rising current and background charging current 
in the CV. (see the E0 point in Fig. 2.9) 
2.2.3.2 Electrochemical synthesis of polymers 
   Electrochemical polymerization is a very important method for the preparation of 
conducting polymers. The process is based on the oxidation reaction of aromatic monomers 
(e.g. pyrrole111,128, thiophene129,130, carbazole111 and their derivatives131-133,116) in the 
electrolyte. The product is the film on the electrode. The mechanism of the 
eletropolymerization is generally shown in  the schematic  Figure 2.10(a): (a) oxidation of  the  
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monomer to a radical cation (by an applied potential near the oxidation potential of the 
monomer). (b) dimerization of the radical cations by the coupling reaction. (c) proton loss to 
yield a neutral dimer. (d) oxidation of dimer to its radical cation. (e) reaction of dimeric 
radical cation with another radical cation.., and (x) formation of oxidized conducting polymer. 
  The electropolymerization is usually carried out in a three-electrode cell. The potential of 
working electrode is applied by a potential step or a potential scanning. In our study we adopt 
the potential scanning. The growth can be controlled at a very low rate, which will benefits for 
the layer morphology. The basic parameters determining the properties of the polymer include 
the type and the concentration of monomer and counterion as well as the type of solvent134-135. 
Fig. 2.10 (a) Schematic process for the electropolymerization of thiophene (b) Reversible
electroactive behavior of polythiophene in the potential cycle. 
(a) 
(b) 
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The nature of the working electrode (e.g. stability and surface morphology, etc.) is also of 
importance111. In addition, other factors (e.g. growth temperature and the magnitude of the 
potential) can have a strong influence on the morphology and conductivity of the layer136. 
These parameters have to be optimized to produce the polybithiophene thin layers with well-
defined structural and electrical properties for the hole-injection contact in OLEDs (see 
Chapter 4). 
   In the conducting form, the electrochemically-prepared polymer contains anions that are 
affiliated with the positively- charged polymer chains. The amount of charge within the 
polymer determines the level of the oxidation (doping level). Many types of polymer films are 
electroactive and can be switched between a neutral and nonconducting state (the reduced 
state) to an oxidized and conducting state (the doped state) (see Fig. 10(b)). Therefore the 
doping level can be adjusted during the redox cycle. In Chapter 5, we will utilize this 
approach to modify the work function by the adjustment of the doping level of the conducting 
polymer PEDT:PSS, which is performed by the potentiostatic electrolysis of the polymers. 
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3. Preparation of OLED structures 
 
 
3.1 High vacuum system for OLED preparation  
     The OLED samples were prepared in a single-chamber high vacuum (HV) system Lab 500 
(Leybold). The system is evacuated by a combination of a fore-vacuum rotary pump and a 
turbo molecular pump. The base pressure is about 4 x 10-7 mbar. The chamber can be 
equipped with up to 8 evaporation sources for the organic materials and metals that are 
sublimed in resistively- heated Mo boats. This configuration may result in an across-
contamination for the different sources during the evaporation, which will lead to the 
electroluminescence quenching and leakage current in the device. Thus each source has been 
isolated from another by Al foil, which can eliminate effectively the effect mentioned above. 
The system has to be vented to exchange the sample and install the evaporation sources. 
quartz oscillators together with the control units (Leybold-Inficon) monitor the evaporation 
rate and layer thickness. The source-sample distance is 25 cm, much larger than the sample 
diameter (25 x 35 mm), to guarantee an even thickness of the layer over the whole sample 
area. 
 
3.2 Materials and properties 
   The chemical structure of the molecules used in this study is given in Figure 3.1. Alq3 acts 
as an emitter and electron transport material. It had been chosen for OLEDs in a broad volume 
of studies because of its high chemical stability and relatively high electron mobility. One of 
the best attributes of Alq3 is its property to form a high-quality thin film upon vacuum 
deposition. However, the positively-charged state of Alq3 is chemically unstable which will be 
disadvantageous for the long-time reliability of the device[137]. NPB and TPD are used as hole-
transport layer. Their films (also Alq3) are amorphous so that a smooth morphology can be 
achieved. We prefer the NPB in most cases of OLED preparation because its glass transition 
temperature (the temperature above which the layer is getting crystalline) is relatively high 
(95 °C, compared to 65 °C for TPD). The crystallization is believed to be one of the major 
limiting factors for the device lifetime because it roughens the layer, which may result in the 
delamination of the contact. Table 3.1 lists some of the basic properties of these materials. 
The positions of the HOMO and LUMO level of the organic layers are especially important 
for OLEDs, Furthermore, the mobility of the majority carriers must be high for the electron  
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and hole transport materials. For the hole transport materials, the hole mobility is relatively 
independent on the electric field. However, the mobilities of electron and hole in the Alq3 film 
are dispersive and strongly depend on the field and temperature (especially for the Alq3 
without purification by sublimation)[143,144], which has a substantial influence on the transport 
behavior in a high field. 
  Table 3.1 The properties of some materials which are relevant to OLED studies.  
Material Supplier HOMO LUMO Mobility 
(at RT) 
Density Other 
TPD Syntec 5.4 eV[138] 2.4 eV[138] µp ~ 1 x 10-3 
cm²/Vs[9] 
µn « µp 
1.3 g/cm³ Amorphous 
layer, Tg = 
65 ºC* 
NPB Syntec 5.7 
eV[139,140] 
2.6 
eV[139,140] 
µp = 1/2 µp, TPD[9] 
µn « µp 
1.3 g/cm³ Amorphous 
layer, Tg = 
95 ºC 
Alq3 Syntec 6.0 
eV[139,142] 
3.3 eV[142] µn < 5 x 10-5 
cm²/Vs[9,141] 
µn « 0.01 µp[143] 
1.3 g/cm³ Amorphous 
layer, Tg = 
170 ºC 
* Tg: glass transition temperature 
 
N,N’-bis(3-methylphenyl)-N,N’-bis-(phenyl)-benzidine (TPD) 
N N
tri(8-hydroxyquinolinato) aluminum  
                              (Alq3) 
N,N’-bis(naphthalen-1-yl)-N,N’-diphenyl-benzidine  
                                (NPB) 
Figure 3.1 Chemical structures of the materials used in OLED study 
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3.3 Procedure and characterization 
   Figure 3.2 shows the schematic structure of a multilayer OLED (upper scheme) as well as 
its geometry and preparation steps (lower scheme). Indium-tin oxide (ITO) acts as the anode. 
The work function of ITO depends strongly on the surface treatment and varies in the range of 
4.2 eV to 4.9 eV[58,145-146]. The ITO substrates used here were delivered from Merck 
(Germany) with a sheet resistance of 15 Ω/ . The work function is about 4.3 eV from UPS 
measurement (Dr. Peisert, IFW Dresden), and surface roughness (rms) is 1.5 nm determined 
by AFM. For OLED fabrication, the ITO-  covered glasses were patterned by etching with 
HCl (10 wt %) solution after protecting the active area with a commercial resist (Opticlean). 
For the cleaning, the patterned substrates were scrubbed in a detergent (Fit, ca. 4 vol. %) to 
remove the dust and imperfections from delivery and cutting, and then boiled in 1,1,1-
trichloroethane, finally rinsed ultrasonically in acetone followed by ethanol and dried in 
flowing nitrogen gas to remove the organic contaminations. 
 
 
 
 
    Prior to the first cycle of the evaporation, each of the sources with newly-filled materials 
was degassed extensively in high vacuum for several hours by increasing the heating current 
gradually, and then the pre-evaporation at low rate was performed for each source. This 
process can guarantee that the evaporation afterwards is carried out at a good vacuum 
environment (4-5 x 10-7 mbar for the organics and 5 x 10-7 to 1 x 10-6 mbar for metals) even 
after the sources are exposed to air for sample transportation. Therefore it will benefit the 
purity of materials and the quality of deposited films. Upon evaporation, the heating current 
was increased by small steps and it took at least 20 minutes to reach the evaporation 
temperature in order to guarantee a uniform temperature distribution in the boat with the 
material inside. The hole transport layer and the Alq3 layer were deposited successively with a 
 
Fig. 3.2 (left) Schematic structure of a mutilayer OLED device. (right) The geometry and
preparation steps of the mutilayer OLED: (a) substrate with a patterned indium-tin oxide
(ITO), (b) after the evaporation of the organic layers, (c) with the cathode (Mg:Ag). The
overlap of the ITO, the organic layer and cathode determines the active area of OLED. 
(a) (b) (c) 
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thickness of 60-100 nm for each layer. A mixture of Mg and Ag (10:1) was used as the 
cathode and deposited by co-evaporation of Mg and Ag. Its work function is 3.7 eV[147]. 
Typical evaporation rate is 1.5-2.3 Å/s for organic materials and 2-3 Å/s for metals. The 
calibration of the layer thickness (and the determination of geometry factor) was carried out 
by comparing the thickness value of a test film displayed on the quartz oscillator with that 
measured using an atomic force microscope (AFM, Nanoscope III, Digital Instruments).  
   The electrical and optical properties of OLEDs were characterized in situ or in N2 
atmosphere. Current-voltage (I-V) characteristics were measured by a Hewlett-Packard 4140B 
semiconductor parameter analyser. The electrical sample-contacts were connected by Cu 
tapes, allowing the preparation of two complete samples on one substrate. The EL spectra 
were recorded using a Sentronic S2000 optical spectrometer (Sentronic, Germany). The 
luminance (cd/m²) was calculated from the intensity of the EL spectra measured through an 
optic fiber system in situ (see Fig 2.3) or by an integration sphere in the atmosphere of N2 
using a calibrated source as the reference (see Fig 2.1). 
 
3.4 Transport and electroluminescence (EL) features 
Figure 3.3 shows the EL spectra from a NPB/Alq3 OLED device. The emission peak is at 
530 nm (2.35 eV). From the optical absorption edges of the Alq3 layer, the apparent band gap 
is estimated to be 2.7 eV. There exists a red shift of the EL spectra from the Alq3 absorption, 
which may be interpreted as the Frank-Condon shift resulting from the large conformational 
energy changes on the optical excitation. 
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Fig. 3.3 UV-vis absorption spectrum of Alq3 and the electroluminescence spectrum of the 
NPB/Alq3 device. The Alq3 layer is deposited on a quartz substrate and has a thickness of 200 
nm. 
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   A typical current-luminance-voltage (I-L-V) characteristics of a pristine OLED is shown in  
Fig. 3.4. In the log-log plot 
(Inset of Fig. 3.4), the I-V 
curves can be fitted with a 
power- law relation I ∝ Vm. At 
high electric fields, the factor 
m is 7-8, is in good agreement 
with the prediction of a trap-
limited space charge 
transport. In the prediction, 
the current is given as: 
12 −∝ m
m
d
VI , d is the thickness 
of the organic layer and 
Tk
Em
B
t= , Et is the chara-  
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Fig. 3.4 Current-luminance-voltage (I-L-V) characteristic of a pristine OLED device with a 70
nm of NPB and a 70 nm of Alq3. The inset shows the log-log plot of the I-V curves for two
devices with different thickness of the organic layers. Both samples were run in air for a short
time then characterized at the atmosphere of N2. 
Table 3.2 Performance of pristine OLEDs with different 
 thickness of the organic layers. 
Type of samples Type 1 Type 2 
External quantum  
efficiency (%) 0.444 1.566 
Brightness (max) 
(cd/m²) 596
a 2520b 
Turn-on voltage (V) 9 5 
Operating voltage (V)  
at 100 cd/m² ca. 16.7 10 
Luminous efficiency 
 (lm/W) 0.909
a 1.704b 
             Type 1:  ITO/85 nm NPB/87 nm Alq3/Mg-Ag/Ag 
             Type 2:  ITO/70 nm NPB/70 nm Alq3/Mg-Ag/Ag 
  a.  At the applied field of 19 V 
  b. At the applied field of 14.5 V 
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cterristic energy in an exponential trap distribution. Since NPB is trap-free, the current should 
be controlled by trap-limited transport of electrons in Alq3[148,16]. At low fields, the situation is 
more complex: m values of 1-2 are obtained, thus several factors such as the carrier 
injection/transport and the leakage current are involved. Table 3.2 summarizes the 
performance data for two types of the devices. They show a high turn-on voltage of more 
than 5 V and an operating voltage of more than 10 V as well as a low luminous efficiency, 
which is attributed to an inefficient charge injection from the anode due to a very large hole-
injection barrier (~1.2 eV).  
 
3.5 Current instability 
   When initially operating OLEDs, some of the freshly-prepared devices are short-circuited 
(with a resistance of several tens to several hundreds ohms). After briefly running a current of 
several tens of milliamps through the device, however, the short circuit opens and the devices 
emit light. During the operation in vacuum or in the atmosphere of dry N2, a noisy leakage 
current always exists. Figure 3.5 shows a commonly-observed noisy current-voltage behavior 
of the NPB/Alq3 device (in HV) in which a large leakage current is found in the low field (< 
6V). Meanwhile the shape of the I-V curve in the low field can also vary between the different 
voltage sweeps. However, the L-V feature does not show such an anomalous behavior. On the  
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other hand, increasing the thickness of the organic layers up to 250 nm can eliminate 
effectively the probability of appearance of the current instability. The phenomena, observed 
also by other groups in various types of OLEDs[149-151], indicate the formation of  microscopic 
conduction paths through the organic layers; the large paths can be burnt out by the 
 Fig. 3.5  L-I-V characteristic of an OLED device showing a leaking current in vacuum. 
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application of high current. The existence of the paths suggests that inhomogeneities exist at 
the organic/electrode interface, which may lead to a non-uniform electric field across the 
device. At some spatial points, very high local electric field will result in the high current 
‘hot-spots’ in the low field. When the onset voltage of the EL is reached, the charge injection 
at the electrode increases and the current becomes more homogenous. The effect of current 
instability will be eliminated. 
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   The assumption mentioned above can be verified further by the observation of the behavior 
of OLEDs operating in air (see Fig. 3.6). The same devices show much less or even no 
leakage current (also see Fig. 3.4). Although the onset voltage of the EL increases slightly, the 
proportionality between the luminance and current density (equivalent to current efficiency) is 
■ in air 
● in HV 
Fig. 3.6 (a) current density vs. voltage and (b) luminance vs. current density characteristics of
an OLED measured in high vacuum and just after the sample is exposed to air. 
(b) 
(a) 
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enhanced as shown in Figure 3.6 (b). The increase of the onset voltage is partly attributed to 
the increase of the contact resistance due to the oxidation of the cathode. However, the effect 
does not influence the luminance versus current-density characteristic because the contact 
resistance does not affect the current. The high current at the ‘hot-spots’ accelerates the 
oxidation of the metallic atoms of the cathode at these sites, which leads to a blocking of the 
microscopic conducting paths and thus to an elimination of the leakage current. The decrease 
of the leakage current will increase the part of the current that contributes to the EL and thus 
leads to an enhanced efficiency. 
   The origin of the interfacial inhomogeniety is not clear yet. However, since the organic 
layers deposited are homogenous and pinhole-free with a roughness of 1 nm, the particles and 
imperfections, pre-existing on the ITO surface or introduced during device fabrication, are the 
best candidates for the source. In this case, the evaporated thin organic layers do not cover 
fully the particles on the ITO surface, thus the cathode could come in contact with the ITO. A 
very high electric field will be formed locally around the imperfections and thus the leakage 
current could occur. The current instability could produce an intensive local Joule heating, 
which will be detrimental to the morphological stability of the device as well as cause the 
degradation of device efficiency.  
   Since the hole injection is inefficient and a strong current instability exists for the pristine 
molecular OLED, it will be necessary to improve the energetics and the contacts of the 
anode/organic interface by a modification of the ITO anode surface (see Chapter 1.5). This 
goal can be achieved by the introduction of a thin buffer layer between the ITO and the hole-
transport layer if such buffer layer has a favorable energy level for easing the hole-injection as 
well as it can planarize the anode surface. This is just the motivation that we will utilize the 
charge injection contact for improving the performance of OLED in the following chapters. 
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4. Electropolymerized polybithiophene for OLED 
 
 
4.1 Electrodeposition and characterization  
   In this chapter, an electrochemically prepared polybithiophene (PbT, Figure 4.1) is 
introduced as a hole-injection contact material for small molecular OLEDs. PbT offers some 
advantages as compared to other conjugated polymers111, 130, 152. First, it is highly stable in 
morphology and remains unchanged up to 350 ˚C in air.  The glass transition temperature is 
high as well. Second, it is chemically and electrochemically stable in air, and it can keep 
electroactive in electrolytes during multiple redox cycles, what should benefit the operating 
stability of OLED devices.  
    Electropolymerization is a convenient and common 
method for the film growth of the polythiophene (PT) 
family. The films produced by this process are good 
candidates for the application of electrochromic 
displays111. However, the PT layers formed by 
electropolymerization process were usually not 
homogeneous enough for the purpose of device 
fabrication153-154. Here, it is demonstrated that well- 
defined smooth ultrathin layers of PbT can be formed 
electrochemically using the dimeric thiophene.  
 
4.1.1 Growth condition and morphology  
   The synthesis of PbT was carried out by potential cycling between 0 V and 1.20 V (final 
potential is 0 V) in an one-compartment electrochemical cell. A program- driven potentiostat 
(HEKA) was used. The solution was 25 mM 2,2’-bithiophene (bT, Aldrich) in acetonitrile 
(Fluka) with 0.1 M tetrabutylammonium hexafluorophosphate (N(Bu)4PF6, Fluka) as suppor-
ting electrolyte. The ITO on glass substrate (Merck, 15Ω/ ) served as the anode (working 
electrode). The reference and counter-electrode was Ag/AgCl and Pt, respectively. Prior to use, 
the patterned ITO-coated glass was cleaned extensively as described in Section 3.2. The 
electrolyte solutions were degassed by nitrogen bubbling for 15 min and a nitrogen atmosphere 
was maintained over the solution during the experiment in order to remove and avoid oxygen. 
After electrochemical preparation, the films were carefully rinsed with pure acetonitrile, then 
dried in high vacuum (< 1 x 10-6 mbar) for more than 12 h. The electrochemical properties of 
n
2',2-Polybithiophene (PbT)
S
S
     Poly(2,2’-bithiophene) 
Fig. 4.1 Chemical structure of
polybithiophene. 
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the polymer films were measured by cyclic voltammetry (CV) in bithiophene-free 
N(Bu)4PF6/acetonitrile solution. The potentials given were calibrated by the formal potential of 
ferrocene and the values were given vs. aqueous Ag/AgCl electrode. The thickness of the films 
was measured by AFM as well as by a Sloan Dektak 3030ST surface profiler.  
    Figure 4.2 shows the electropolymerization of 2,2’-bithiophene (bT) by potential scanning. 
When  the  switching  potential  is in the range of the oxidation potential (Epa) of bT (1.3V vs. 
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Ag/AgCl), the bithiophene is electrooxidized and thus polymerized. The trace crossing on the 
reverse sweep (inset of Fig. 2) in first cycle is viewed as the proof of the start of the 
nucleation process of the polymer. Multisweep experiments show the increasing current from 
the redox process in each cycle, indicating a continuous growth of the film on the electrode. 
The polymerization proceeds easily even when a very low dimer concentration (about 0.01M 
of bT) is used. The resulting layer is homogenous, semitransparent (with a color of light 
orange), and in the neutral (undoped) state. The doped films can be obtained by applying a 
potential larger than 1.0 V on the working electrode (covered with a produced polymer layer) 
in the N(Bu)4PF6/acetonitrile solution. 
   In contrast, the electropolymerization of the thiophene monomer is much more difficult as 
compared to its dimer and results in a poor quality of the polythiophene layer with a rough 
morphology. Only a limited number of nucleation sites are formed during the initial stage. 
Moreover the polymerization current is much lower and the polymer grows as isolated 
nodules embedded in a thin continuous film. The difference in the film quality can be 
Fig. 4.2 Electropolymerization of a 25 mM bithiophene in 0.1 M N(Bu)4PF6/acetonitrile
solution by potential cycling between 0 V and 1.2 V. Scan rate is 20 mV/s. The potentials are
referred to aqueous Ag/AgCl electrode 
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explained by the electropolymerization mechanism. As illustrated in Section 2.2.3.2, the 
polymerization procedure is initiated by the coupling reaction of radical cations from the 
oxidation of the monomers, which results in the formation of dimers. Then by the reaction of 
the dimeric radical cation with another cation, oligomers and eventually a polymer is formed. 
A shorter reaction pathway will be reached if the polymerization is initiated by the coupling of 
dimeric radical cations. The density of the nucleation sites will thus increase dramatically 
which leads to a more homogenous film growth. The difference in the polymerization 
processes mentioned above can also be manifested by the much lower oxidation potential Epa 
of bithiophene compared to Epa of 2.06 V for thiophene (vs. Ag/AgCl)130, 154. 
    The electropolymerization reaction involves the removal of about 2.25 electrons per 
molecule of bT154. Therefore the ‘mass thickness’ d of the resulting layer can be estimated 
from the electro-deposition charge Q (net charge in the redox process) using the following 
relation:  
                                                  SdM
eN
Q
w
o
ρ=





25.2
                                             (4.1) 
therefore             
                                       d (in nm) = 5.20Q  (in mC/cm²)                                         (4.2) 
where No is Avogadro constant, MW is the molecular weight and S is the active area of the 
working electrode. The density ρ of the PbT layer is assumed to be 1.5 g/cm³. Comparing the 
film thickness estimated from Eq. (4.2) with the actual thickness measured by AFM and the 
surface profiler, we find that the value of ‘actual’ thickness is about 70% of that of the ‘mass 
thickness’ in all cases. It means that some amount of the electrodeposition charge does not 
contribute to the film deposition. 
 
a. Film morphology 
   The morphology and structure of the PbT films at different growth stages are determined by 
scanning electron microscopy (SEM) and AFM. Fig. 4.3(a) shows a SEM graph for a 20 nm 
thick undoped layer. The surface is homogenous and smooth, and does not present the 
irregular defects. At the enlarged view by AFM (Fig.4.3 (b)), the layer consists of the closed-
packed fibres entangled with the granular structures; the surface root-mean-square (rms) 
roughness is about 6-7 nm. The surface roughness is also small than that of the PT thin layers 
electropolymerized from the thiophene monomers in the literature. When the layer thickness 
increases, the surface becomes more rough and irregular. At a thickness above 60 nm, the 
surface  roughness  increases  more  rapidly  as shown  in Fig. 4.4. The polymer  structure  is a  
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collection of cylinders with around 100-150 nm in diameter and different heights, grown 
perpendicularly  on  the  flat  underlying  layer as found by the AFM observation.  The surface  
 
 
 
Fig. 4.3 (a) Scanning electron microscope (SEM) and (b) atomic force microscope (AFM)
graphs of a 20 nm undoped polybithiophene (PbT) layer. 
 
(a) (b) 
Fig. 4.4 AFM graph of an undoped PbT layer of 75 nm. The flat part in the left responds to the
underlying ITO and the right part is the PbT layer grown on ITO. 
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roughness can reach 15-20 nm. The doped PbT layers show the same smooth morphology as 
the undoped ones at the low thickness (lower than 30 nm). However, at higher thickness the 
roughness is larger compared to the latter, which should be attributed to the swelling effect by 
the solvated PF6- dopants. 
   Our observation is consistent with the investigation of other authors on the growth stages of 
different kinds of polythiophene films. Chao et al.115 confirmed that two different types of 
polymer layers are successively formed during the electrodeposition of poly(3-
methylthiophene) (PMeT). In the first step of the layer growth (up to 30-40 nm), the film is a 
stack of dense parallel fibres in a layer-by-layer way, whereas the second layer is made of the 
aggregates of the granules arranged in a disordered way. By investigating the effect of the 
potential and monomer concentration on the nucleation and growth of PT, Schrebler155 
proposed that three nucleation mechanisms contribute to the growth process. The contribution 
from the two-dimensional (2D) instantaneous nucleation is important in the first stage of the 
nucleation process, indicating that the polymer deposition is initiated by the formation of a 2D 
film. The transition between the growth stages occurs at a larger thickness of the PbT layer as 
compared to the cases of PT’s growth described by these authors, which is attributed to an 
improved electrodeposition condition here. Since the morphology of the PbT layer is poorly- 
defined at large thickness which is unfavorable to the device fabrication, only the ultrathin 
layer (less than 60 nm) will be used in most cases of the following device preparation. 
b. Effects of growth parameters 
   The effects of dimer concentration, growth temperature as well as the concentration of 
supporting electrolyte on the growth rate and the structure of the PbT layer have been 
investigated. It is found that the role of anion seems not to be dominant. The I-V curve for the  
 
 
 
Fig. 4.5 SEM graph of a 22 nm PbT layer electrodeposited in the electrolyte containing 50 mM
bT. 
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electropolymerization does not show a difference and the film morphology is nearly identical 
if PF6- is replaced by ClO4-. However, the concentration of dimer has a significant effect on 
the layer growth. Increasing the concentration of bithiophene from 25 mM to 50 mM leads to 
a more than three-fold enhancement of the anodic current in the I-V curve during the 
electropolymerization, which corresponds to a much higher growth rate of the layer. 
Moreover, the resulting films are much rougher and more irregular with lots of bright stripes 
on the surface as manifested in Fig. 4.5. This indicates that the fast polymerization is 
unfavorable to the film structure. Therefore a relatively low concentration of bT should be 
used to obtain a well- defined morphology.  
   In addition, the electrodeposition of PbT was made in a low temperature cell (around –6 to –
8 °C). As expected, the growth rate is lowered as shown from a reduction of the 
polymerization current by 20-30 % in each of the potential scans compared to the case at 
room temperature (27 °C). However, the difference in the film structure is very small for both 
kinds of the layers in the same thickness. The surface roughness is reduced slightly for the 
layers fabricated at low temperature. 
 
4.1.2 XPS results 
   Figure 4.6 shows the XPS survey spectra of the undoped and PF6- doped PbT films with the 
thickness of 30 and 25 nm, respectively. For the undoped layer, an intensive and sharp carbon 
peak at 285 eV is associated with only one chemical state of C atom (the C-C bond and S-C 
bond are not well  distinguished). The S 2p  doublet (2p1/2, 2p3/2) is resolved with  an expected  
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Fig. 4.6 XPS survey spectra of the PbT layers: undoped (30nm) and doped with PF6- (25 nm),
respectively. Excitation source is Mg Kα. 
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    Table 4.1 Atomic concentration profiles in the PbT layers obtained from quantitative XPS 
analysis  
PbT C (%) S (%) F (%) P (%) O (%) N (%) 
undoped 78.02 20.33 0.18 0.08 1.28 0.3 
doped 74.24 19.37 4.33 0.67 1.20 0.4 
        * Concentration analysis of C (O, F, N) and P (S) is made by their 1s and 2p peaks, respectively. 
ratio of 2/3 (in Fig 4.7). Quantitative results of the atomic concentration listed in Table 4.1 
agree well with the molecular structure of PbT: C4H2S (C: S = 4:1 in the atomic ratio). For the 
doped layer, the spectral data confirm the presence of PF6- anions from the appearance of F 1s 
and P 2s and P 2p1/2, 3/2 peaks. The concentration ratio of F and P is also consistent with the 
PF6 structure and the doping level is estimated as 4.0 % from the quantitative analysis. 
However, the change of the C 1s and S 2p spectra (e. g. the energy shift) is very small upon 
the doping as shown in Fig. 4.7, which indicates that no charge is located on these two 
elements. The charge should thus be delocalized on the polymeric chain as suggested by 
Diaz156. In addition, the O 1s emission at 532 eV is very weak in both the doped and undoped 
PbT; the concentration of oxygen is around 1 at% (in Table 4.1). It decreases to 0.5% inside 
the layer found from the depth profile by Ar+ ion sputtering, which indicates that the surface 
oxygen is attributed to the absorbed O2 from air. Therefore we are able to obtain a very clean 
PbT layer from the eletropolymerization process with little chemical contamination. 
    To obtain the information on the depth distribution of the dopant anions, angle resolved 
XPS measurements have been carried out for the surface of the doped PbT. The inelastic 
mean free path of a photoelectron (λ) is estimated as 3 nm for the organic materials157. Since 
95 % of the signal intensity comes from the layer underlying the surface with a thickness of 
the effective escape depth d: 
 Fig 4.7 The C 1s and S 2p XPS spectra for an undoped and a doped PbT layer, respectively. 
 
                                                              Chapter 4 Electropolymerized polythiophene for OLED 
            
                                                                                                                                                    
                                                                                                                                                   50 
                                                                                                                                                    
                                                                                                                                                    
 
                                                         θλ cos3=d                                                                (4.3) 
where θ is the take-off angle of photoelectrons vs. surface normal, an information depth up to  
10 nm can be reached. Table 4.2 
shows the calculated atomic 
concentrations for the different 
acceptance angles, no distinct 
change is visible. It indicates that 
the elements from the dopant (F, P) 
as well as C and S are distributed 
homogeneously within a depth of 10 
nm from the surface. The conclusion 
is confirmed further by the 
observation of the depth profile by 
Ar+ sputtering. 
  
4.1.3 Electrochemical propertiess 
   Fig. 4.8 shows a cyclic voltammogram (CV) of the PbT film (10 mC, equivalent to a 
thickness  of  50 nm)  in  0.1 M N(Bu)4PF6/acetonitrile  solution  at  different  scan  rates.  The  
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         Table 4.2 Atomic concentration profiles in a doped PbT 
layer obtained at different acceptance angles 
ϑ (°) C S F P 
30 74.11 19.98 4.85 0.92 
45 75.12 19.93 4.04 0.83 
60 75.14 19.65 4.29 0.86 
70 75.92 19.50 3.90 0.67 
80 80.09 17.04 2.52 0.65 
15 75.06 19.80 4.02 0.83 
                    ϑ: analyser take-off angle to sample normal 
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Fig 4.8 Cyclic voltammogram (CV) of a PbT film deposited on ITO in 0.1 M 
N(Bu)4PF6/acetonitrile solution. Inset: The CV of a 100 nm NPB layer on ITO. The reference 
electrode is Ag/AgCl. 
Vonset 
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voltammogram displays a peak potential for the oxidation at 1.05 V, followed by a flat 
reduction wave and a reduction peak at 0.55 V in the reverse sweep. The film can be cycled 
between the oxidized and reduced state without a distinct change in the CV, accompanied by a 
reversible color change from green-black to light orange. 
   The oxidation process (or doping) of the polymer (from 0 to 1.1V) corresponds to the 
transfer of electrons from the polymer to the ITO electrode, producing holes. Meanwhile 
anions diffuse into the polymer and form the anion-hole pairs to maintain electroneutrality. In 
the reverse sweep (reduction or dedoping), the anions are expulsed towards the electrolyte 
accompanied by a reorganization process of the polymer chains. The redox process in the PbT 
layer is nearly reversible, as manifested by the similar amount of the charge involved in the 
oxidation (Qox = 0.924 mC) and in the reduction (Qred = 0.858 mC) processes. The anodic 
peak current (at Epa) increases with the sweep rate.  
The ionization potential (IP), equivalent to the HOMO level, was estimated for the PbT layer 
from the onset of the oxidation peak Vonset, as often applied in such studies127. Using the 
relation IP = Vonset + 4.7 eV (as shown in Eq. (2.19) of Section 2.2.3.1), the value of the IP for 
PbT is about 5.25 eV. We also measured the IP value of NPB (inset of Fig. 4.8), which is 5.5 
eV. The HOMO level of PbT is thus located between the work function of ITO (ca. 4.3 eV as 
given in Section 3.2) and the HOMO of NPB. Therefore the PbT layer can act as a hole-
injection layer between the ITO and the NPB. 
In an electrochemical redox process, the Fermi level (EF) of the polymer is defined by the 
setting potential (related to the equilibrium potential)124. Since the final potential (set at the end 
of the polymerization) is 0 V (vs. Ag/AgCl) in each potential cycling of the polymerization, the 
Fermi level of the undoped PbT will be at 0 V vs. Ag/AgCl while apart from the HOMO level 
by – 0.55 eV (within the band gap). The band gap of PT is 2.0 eV158, the middle of the band 
gap is therefore at – 0.45 V vs. Ag/AgCl. It indicates that the undoped PbT is still a weak p-
doped semiconductor because its EF is 0.45 V below the middle of the band gap. Thus a small 
amount of free charge carriers exist within the layer. The increase of the final potential or the 
doping of the layer at the high potential will lead to a lower EF and more free charge carriers. 
   The reproducible redox behavior of the PbT layer has confirmed the high electrochemical 
stability. The reduced state of the polymer remains very stable in air for a period of at least 
several months and the stored PbT still maintains electroactive if cycled in the electrolyte 
again, indicating a high chemical stability. However, its doped state shows a much lower 
stability. In the measurement of open circuit potential (OCP), the PbT layer oxidized at 1.2 V 
shows a decrease of the OCP value from 1.0 V to 0.65 V within 20 min. The procedure of 
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rinsing and drying results in a further reduction of the OCP caused by the decay of the doping 
level. Therefore only a low doping level (4 %) can be kept as verified from the XPS 
measurement. 
    The instability for the doped state is attributed to the high oxidation potential (ca. 1.0 V) of 
PbT, which lies close to the value for water (1.1 V). The doped PbT will be reduced slowly by 
the trace of water in the electrolyte or in air. On the other hand, the reduction potential of PbT 
is much higher than the value for O2, so the undoped layer will not be oxidized by O2 and thus 
is stable in air. 
 
4.2 Effect on the hole injection and the OLED performance 
4.2.1 Hole-only device 
   In order to investigate the influence of the PbT on the hole-injection at the organic/electrode 
interface, simple hole-only devices (i.e. with single-charge carriers) were prepared. In these 
devices, the organic layers are sandwiched between the ITO anode and the Ag cathode. Vapor 
deposition of silver was carried out at the pressure around 5 x 10-7 mbar with an evaporation 
rate of ca. 1 Å/s. The large work function of silver (4.3-4.4 V)159 can reduce the electron 
injection into the LUMO level of the organic layer (PbT and NPB).  
 
4.2.1.1 ITO/PbT/Ag structure 
    The inset of Fig. 4.9 shows the forward- biased I-V characteristics of two ITO/PbT/Ag 
devices with the undoped PbT thicknesses of 36 nm and 60 nm. Fig 4.9 (a) gives a plot of ln(j) 
vs. V-1/2 for the devices. A good linear dependence is found at a low bias (≤ 3 V). It indicates 
that the I-V behavior can be described by Richardson-Schottky (R-S) thermoionic emission 
mechanism32. The mechanism is based on the lowering of the image charge potential by the 
external field F = V/d, d is the layer thickness. The current density jRS is then given by 
                                     )exp(2*
Tk
F
TAj
B
RSB
RS
β−∆
−=                                             (4.4) 
Here 32** /4 hkqmA Bπ= (= 120 A/(cm²K²) for m* = mo) is the Richardson constant, 
o
RS
q
πεεβ 4
3
= , ∆B is the zero-field injection barrier, ε the relative dielectric constant, and 
εo is vacuum permittivity. Assuming the validity of Eq. (4.4), a linear dependence of ln(j) as a 
function of d-1/2 is expected if the current data of the devices with the different thickness taken 
at the constant V are plotted. The data shown in Fig. 4.10 obey this prediction, demonstrating  
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that at low fields the charge-carrier transport behavior of such devices is injection-limited, i.e. 
there is a thermionic emission at the PbT/anode interface.  
    The barrier height for the hole-injection is estimated to be 0.7-0.75 eV derived from Eq. 
(4.4), consistent with the energy displacement (~0.90 eV) between the work function of ITO 
and the HOMO of PbT obtained from the electrochemical measurements. The lowering of the 
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Fig 4.9 Current-voltage (J-V) features of two ITO/PbT/Ag devices with different PbT 
thickness plotted in the form (a) ln(J) as a function of V1/2 and (b) the log-log representation. 
Solid lines: the linear fit. ITO is positively biased. Inset: the same I-V curves in a semi-
logarithmic form.  
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barrier height may be attributed to the broadening of the energy levels of the PbT chains 
originating from the structural disorder in the organic semiconductor160. The value of the  
dielectric constant ε is about 2.5 
as calculated, which is in the 
range of the magnitude for most 
of PT materials. It is to be pointed 
out that, the built-in potential 
(Vbi), approximately the 
difference of the work function φ 
between ITO and Ag cathode, is 
not considered in our analysis due 
to the similar φ value for Ag and 
ITO and thus a negligible Vbi in 
our device. The validity of this 
assumption   is   also    manifested  
from the I-V behavior at the reverse bias (ITO is negatively biased) which is nearly the same 
as that at the positive bias shown in Fig. 4.9. 
   At higher fields (larger than 2.5-3 V), the contribution of the bulk conduction through the 
polymer becomes dominant. A power dependence of the I-V feature is given in Fig. 4.9(b): I 
∝ Vm, m ∼ 3, which suggests that the current through the PbT is space- charge limited with a 
shallow trap distribution. The high current at a relatively low voltage (lower than 6 V) 
indicates a good hole-transport capability of the bulk PbT, which is consistent with the 
relatively high hole mobility (10-5-10-3 cm²/(V·s)) 161-162, 120 for the PT materials. 
 
4.2.1.2 ITO/PbT/NPB/Ag structure 
    In this configuration, the organic layer is the hole-transport layer NPB with and without 
PbT (see Fig. 4. 11). None of these types of devices shows electroluminescence (EL) due to 
the negligibly small number of electrons injected. The transport current in the ITO/NPB/Ag 
structure is very low even at a high bias (15 V), which is attributed to the poor hole-injection 
at the ITO/NPB contact. On the other hand, the current of the PbT- sandwiched device 
exceeds that in NPB-only one at the voltage above 4 V and is even more than one order of 
magnitude larger at higher voltages. Since the NPB layer is identical in both cases, the higher 
current should be correlated with a decreased barrier as a result of the introduction of the PbT 
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Fig. 4.10 Current data of the ITO/PbT/Ag devices 
(with different PbT thickness) at a bias of 1.5 V 
plotted in the form ln(j) as a function of d-1/2. 
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layer. This behavior demonstrates that PbT is effective in enhancing hole injection by the 
contact with ITO and NPB. 
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  For comparison, Fig. 4.11 also shows the theoretically predicted trap free space-charge 
limited (TFSCL) current16 (the maximum unipolar current that can flow through a device) for 
a NPB layer of 200 nm, based on the relation: 
                                            3
2
8
9
d
VJ oSCL µεε=                                                         (4.5) 
where the hole mobility for the  trap- free NPB as assumed is field-independent with a value 
of 4 x 10-4 cm2/V·s given in the literatures9, 163. The measured current density in the device 
with PbT is about two to three orders of magnitude lower than the calculated TFSCL current. 
The result indicates that the transport behavior of such a device is still injection- limited even 
by the introduction of an injection layer, which is attributed to a considerably large injection 
barrier at the ITO/PbT contact due to a very low work function of the ITO. The enhancement 
of hole-injection will be expected if the ITO with a higher work function is used. 
   Another approach may lie in the increase of the oxidation degree of PbT and thus a higher 
concentration of free charge carriers, by which a thin space charge layer at the contact can be 
formed and the condition for the formation of a Schottky barrier can be reached to achieve an 
efficient tunnelling injection of holes from ITO into the PbT159. 
      TFSCL for NPB 
Fig. 4.11 I-V characteristics of hole- only devices with and without a PbT layer. The thickness
of the NPB and PbT layer is 200 nm and 35 nm, respectively. The solid line shows the trap
free space- charge limited (TFSCL) current densities for a 200 nm of NPB calculated from Eq.
(4.5). 
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   Due to the complexity of the ITO/PbT/NPB contact, a quantitative analysis of I-V data by a 
theoretical model is difficult. For further investigations on the organic/anode interface and the 
role of the PbT  interlayer, the contact is  characterized by  impedance spectroscopy (IS)164. A  
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Fig. 4.12 (a) Real part Re(Z) and (b) Cole-Cole plot of the complex impedance Z(ω) of an 
ITO/PbT/NPB/Ag device (dPbT = 35 nm, dNPB = 200 nm, device area A = 7 mm²) at room 
temperature for different bias voltages in the atmosphere of N2. The dots represent the 
experimental results while the solid curves are the fittings using the equivalent RC circuit 
shown in the inset. 
 
(a) 
(b) 
 
                                                              Chapter 4 Electropolymerized polythiophene for OLED 
            
                                                                                                                                                    
                                                                                                                                                   57 
                                                                                                                                                    
                                                                                                                                                    
 
frequency response analyser (Solartron Instrument SI 1260) combined with a 1296 dielectric 
converter is used by applying an ac voltage with a rms amplitude of 0.1 V in the frequency 
range between 1 Hz and 1 MHz. The dc bias on the device varies from 0 to 7 V. 
  Fig. 4.12 shows the real part Re (Z) and Cole-Cole plot of the complex impedance Z(ω) = 
Re(Z) + jIm(Z) of above ITO/PbT/NPB/Ag device at different bias. As expected, the real part 
of the impedance at low frequencies decreases strongly with the increase of the bias voltage. 
The maximum Re(Z) value in the Cole-Cole plot corresponds to the sum of the device 
resistance and the resistance of  the ITO substrate. Whereas at higher frequencies, Re(Z) and 
Im(Z) are more frequency-independent. The minimum Re(Z) at infinitely high frequency is 
the ITO layer resistance (ca. 110 Ω). It is to be noted that, at the bias voltage lower than 3 V, a 
distinct structure located at around 3 to 4 kHz is detectable in each Re(Z(w)) curve, 
corresponding to the second semicircle in the complex impedance plane. The behavior can be 
modelled by two RC circuits in series (shown in inset of Fig.4.12). The fitting of the Z(ω) 
curves with the equivalent circuit is displayed in Fig 4.12 (a) and the fitting data are given in 
Table 4.3 for different dc biases. It is found that the capacitance C1 and C2 corresponds well to 
the geometrical capacitance of the PbT layer (3-4 nF) and that of the NPB layer (ca. 0.80 nF), 
respectively, with 
)2(1
)2(1
)2(1 d
AC oεε= . Whereas the bias-dependent resistance R1 and R2 is 
attributed to the resistance of the PbT and that of the NPB layer, respectively. At high fields, 
the bulk resistance of PbT becomes very small so that its contribution to the voltage drop is 
not significant with respect to the NPB. For a very thin PbT layer (e.g. 20 nm), the PbT will 
act as a real interlayer with a negligible voltage drop upon the layer. 
 
Table 4.3 Parameters obtained by fitting the experimental data with the equivalent circuit 
depicted in Fig. 4.12  
Vbias (V) R1 (Ω) C1 (nF) R2 (Ω) C2 (nF) Rs (Ω) 
0 9.02 x 107 0.884 2.19 x104 3.027 116 
1 8.12 x 106 0.855 1.04 x 104 3.059 110 
2 1.36 x106 0.822 5378 3.442 110 
4 9.66 x104 0.775 2254 4.367 109 
5 4.68 x104 0.768 1534 4.486 108 
6 2.51x 104 0.779 1080 4.595 110 
 
   From the I-V and IS measurements, Fig. 4.13 gives a schematic energy level alignment at 
the contact of ITO/NPB and ITO/PbT/NPB. The insertion of a PbT thin layer partitions an 
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abrupt injection barrier at the ITO/NPB contact into two smaller energetic steps to allow an 
easier injection of holes into the hole transport layer. A further optimization is the introduction 
of additional interlayers. Normally several layers are  necessary to cause the  barrier to vanish.  
ITO LUMO
NPB
HOMO
Evac
EF
 
 
 
 
This is expected to be particularly useful for the hole-transport layer with a very large HOMO 
level for which the hole injection is difficult. It should be mentioned that this level scheme 
neglects such an effect as the interfacial dipole that to some extent has a significant influence 
on the energy offset at the interface139, 165. The more detailed and precise information about the 
energy level alignment can be obtained by photoelectron spectroscopy (XPS and UPS)142. 
 
4.2.2 Mutilayer OLED: NPB/Alq3 bilayer 
    Mutilayer OLED devices consist of a NPB layer with varied thickness (70-100 nm) and a 
70 nm tris(8- hydroxyquinolinato) aluminium (Alq3) layer on a PbT-coated ITO anode. The 
device structure is shown in the inset of Fig. 4.14 (a). The same structure without PbT was 
also fabricated as a control device. As the cathode layer an alloy of Mg and Ag (10:1) of 150 
nm thick was used. Electrooptical properties were characterized as described in Section 3.2. 
   The current-voltage (I-V) and luminance-voltage (L-V) characteristics of these OLEDs are 
plotted in Fig. 4.14. The device without the polymeric hole-injection layer shows a poorly 
behaved I-V feature. On the other hand, well-behaved I-V characteristics are observed for the 
devices with the PbT layer. In these cases the leakage current is suppressed by four to five 
orders of magnitude at low electric fields, while the onset of light emission (turn-on voltage, 
at which luminance is 1cd/m²) decreases as expected. The current and luminance are 
significantly  enhanced  even  for  larger  thickness  of  the   hole  transport  layer   at  a   given  
 
EF
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HOMO
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LUMO
HOMO
PbT NPB
ITO
∆ ∆1 ∆2 
Fig. 4.13 Energy level alignment at the interface of (a) the ITO/NPB and (b) the 
ITO/PbT/NPB, respectively. ∆ is the energy barrier for hole injection. 
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Fig. 4.14 Performance of multilayer OLEDs measured in situ. Top: I-V characteristics;
bottom: L-V characteristics. The OLEDs are characterized by a 20-25 nm PbT injection
interlayer and 70 nm Alq3 layer, as well as the NPB layer with a thickness of 70 nm (b),
87 nm (c), 100 nm (d), respectively. Device A has no PbT layer and a NPB thickness of
70 nm. Inset: OLED structure. 
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voltage. Both current and luminance are more than one order of magnitude larger compared 
to the device without PbT for a given layer thickness of NPB and Alq3: the operating  voltage  
is reduced by 4 V at the same 
luminance. Table 4.4 provides 
the main performance data of 
both types of devices. The 
improvement of the 
performance by the 
introduction of PbT is 
manifest. The luminous 
efficiency reaches 1.7 lm/W 
for devices with the injection 
layer compared with 1.1 lm/W  
for the control device. The improved performance should be caused by a remarkable 
enhancement of the hole injection between ITO and NPB by the insertion of the PbT layer. 
a. Device efficiency 
   Fig. 4.15 shows the (external) current efficiency ηc (cd/A) as a function of the applied 
voltage for different OLEDs. The devices with PbT show a weak dependence of the efficiency 
on the thickness of the hole transport layer, i.e. a small enhancement with the reduction of the 
NPB thickness. In all cases the efficiency seems to have a maximum value. On the other hand, 
the efficiency for the control device increases gradually with the applied voltage within a long  
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Table 4.4 Performance of a 70-nm NPB/70-nm Alq3 structure 
with and without PbT layer 
 OLED 
with PbT 
OLED 
without PbT 
Luminance (cd/m2) 
        at 10 V 1560 100 
Current density   
   (mA/cm2) at 10 V 42 3 
Operating voltage (V) 
       for 100cd/m2 6.5 10 
    Max. Luminous 
    efficiency  (lm/W) 1.7 1.1 
Quantum efficiency 
       (cd/A) 3.8 4.5 
 
Fig. 4.15 External current efficiency ηc (cd/A) as a function of the bias voltage for different 
OLEDs shown in Fig. 4.14. The absorption of the PbT layer was not accounted for. 
 
b  with PbT    70nm NPB 
c  with PbT    87nm NPB 
d  with PbT   100nm NPB 
a  without PbT 70nmNPB 
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range of the bias sweep (0-13.5 V) (the oscillation at the interval of 4 to 8 V may be due to 
current instability), its maximum efficiency is around 4.5 cd/A compared to 3.9 cd/A on the 
counterpart with PbT (device b). Taking into account the absorption loss of the PbT layer for 
the emission of Alq3 (the transmission of such a PbT layer is ca. 80%), the corrected 
efficiency is nearly the same for both devices. It indicates the efficiency ηc does not depend 
on the hole-injection behavior.  
     Similar results were also obtained by other authors, who measured an identical efficiency 
(cd/A) on TPD/Alq3 OLEDs that had different ITO’s or a Pt- modified ITO anode166, 79. The 
reason for this behavior lies in the fact that the quantum efficiency (corresponding to ηc) in 
such bilayer OLEDs is determined by the ratio of the density of holes and electrons 
accumulated at HTL and Alq3 sides of the HTL/Alq3 interface6, 167, respectively. The 
enhancement of hole-injection from the anode increases the hole accumulation at the NPB 
side, which results in a higher electric field across the Alq3 layer and thus an enhanced 
electron injection and transport in Alq3. As a result, the accumulation of electrons also 
increases at the Alq3 side, which restores the ratio of charge densities at the interface. 
Therefore the introduction of PbT as the injection layer does not affect the quantum efficiency 
in spite of a lowering of the operating voltage. However, upon the enhancement of hole 
injection, the applied bias at which an optimized accumulation of charge carriers is achieved 
at the NPB/Alq3 interface will shift towards a lower voltage as shown in Fig. 4.15. 
Additionally, it is expected that holes are the dominant charge carriers and the electron 
injection from the cathode should be the main limiting factor for the EL process in this case  
due to a large electron injection 
barrier at the Alq3/Mg:Ag interface 
as well as a relatively low electron 
mobility in Alq3. With further 
optimization by the introduction of 
LiF/Al as cathode at which the 
electron injection is enhanced 
remarkably88, or by the use of the 
more effective electron transport 
layer (e.g. Bphen)86, a larger ratio of 
electrons/holes at the NPB/Alq3 
interface and thus a more balanced 
injection and transport of holes  and  
Fig. 4.16 Electroluminescent spectra of the 
ITO/NPB/Alq3/Mg:Ag devices with and without PbT 
interlayer. 
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electrons can be achieved. A higher quantum efficiency is expected. 
b. Influence of the PbT thickness 
   Fig. 4.16 shows the EL spectra of the control device and the device with a 24 nm PbT 
interlayer. They are almost identical, with an emission peak at 530 nm,  although the color  of  
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the PbT ultrathin layer is slightly orange which is attributed to its absorbance. The 
investigation has also been made on the influence of the thickness of the PbT layer on the I-L-
V feature of OLEDs as shown in Fig. 4.17. There is no distinct dependence on the PbT 
thickness in the range of 20-30 nm. However at lower thickness (device A, with a 10.5 nm of 
Fig. 4.17 (a) I-L-V and (b) EL efficiency characteristics of OLEDs as a function of the 
thickness of the PbT interlayer. 
(b) 
(a) 
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PbT), the leakage current is found to increase at low fields while the operating voltage rises 
somewhat. This should be attributed to an incomplete coverage of the ITO anode by the PbT 
layer and thus the existence of a bare part of ITO because the roughness of the PbT layer is up 
to 6-7 nm. On the other hand, a further increase of the PbT thickness (device C, with 43 nm of 
PbT) will lead to an increase of the operating voltage as well as a lowering of the current 
efficiency. It is suggested that in this case, the voltage drop on the PbT layer will increase 
considerably due to a larger thickness and a low conductivity of the PbT (in the neutral state). 
Therefore the effective bias applied on the NPB/Alq3 bilayer is reduced. More notably, the 
absorption loss of the EL emission through the PbT layer becomes much larger (the 
transmission of a 43 nm PbT is lower than 60 %), which reduces the light output. Thus a 
reduction of the device efficiency is caused. Based on our investigation, the optimum 
thickness range of the PbT is 20-25 nm. The layer with such thickness is utilized for OLED 
preparation in most cases. 
c. Current- voltage feature 
   Fig. 4.18 shows the current-voltage curves of different NPB/Alq3 OLEDs in a log-log plot. 
The principal I-V behavior of all devices is very similar even though a large difference of the  
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current density by more than one order of magnitude between the devices with and without 
PbT. At the low field, the transport current should be a combination of an injection current 
and a small leakage current. At higher fields, the I-V characteristics for all devices can be 
●  with PbT    70nm NPB 
▲ with PbT    100nm NPB 
■  without PbT 70nmNPB 
 
Fig. 4.18 Current-voltage features of OLEDs with and without PbT layer in double 
logarithmic plot. The built-in potential Vbi is approximated by the work function difference of 
ITO anode and Mg:Ag cathode (ca. 0.6 V). 
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described by I ∝ Vm, m ∼ 6, indicating that the current is controlled by the trap-limited 
transport of electrons in Alq3148. The transition from the behavior at low fields into that at high 
fields takes place at the effective voltage of 1.5-2 V (considering the built-in-potential Vbi of 
the device), identical for different devices in which different hole injection and transport 
features are manifest. We suggest that the transition point corresponds to the onset of the 
bipolar injection and recombination, i.e. turn-on voltage of EL light output, despite that we 
have not detected the EL emission at such low voltage due to the low sensitivity of our 
spectrometer system. 
   It is surprising to note that the device current is determined by the bulk conduction behavior 
of Alq3 at high field considering that a considerably large injection barrier for hole (electron) 
remains at the organic/anode (cathode) interface. The bipolar current effect should thus be 
significant which is assumed to redistribute the electric field in the device and to influence the 
carrier injection behavior. However, a detailed analysis of charge carrier injection and 
transport in bilayer OLED is more complicated, which demands thickness- and temperature- 
dependent I-V investigations, as well as more importantly the inclusion of the bipolar 
injection and recombination effect in the theoretical description158,18. Numerical simulation 
should also be used if the charge trap effect and field-dependent mobility are considered. 
d. Device reliability 
   Besides the capability of enhancing the hole-injection at the organic/anode contact, a 
noticeable merit by utilizing the PbT layer is a remarkable elimination of the leakage current 
of the device that originates from dusts and imperfections on bare ITO. A thin layer of PbT 
can cover the imperfection in a conforming way, which prevents a direct contact between 
anode and cathode at the microconducting pathways to eliminate the local ‘hotspots’ and thus 
the occurrence of the non-emissive blackspots in the cathode. In addition, the crystallization 
of the PbT layer is negligible due to its high glass transition temperature, which will favor the 
morphological stability of the organic layer. Based on these facts, we expect that the 
introduction of PbT will benefit the device reliability. Although we have not carried out a 
systematic investigation about the influence of the PbT layer on the lifetime of OLEDs, we 
have indeed observed a much slower degradation of the current and luminance for the OLEDs 
with PbT compared to the devices with a bare ITO. The tests were performed with a starting 
luminance of 100 cd/m² in vacuum and at the constant bias (6.5 V for PbT- with device vs. 10 
V for PbT- without one). Meanwhile the current noise during device operation is eliminated 
significantly for the device with PbT, indicating the enhanced device stability. 
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4.2.3 Doping effect of PbT 
   The polybithiophene layer used in the device fabrication on the preceding sections was 
undoped. The doped (oxidized) PbT should be more favourable due to its high work function 
and higher conductivity, as well as a higher transmission factor114. PF6-- doped PbT (with a 
doping level of 4.0%) was utilized as the hole-injection contact for OLED. Fig. 4.19 gives the 
I-V features of a hole- only device (a) and a bilayer OLED (b) with a 25-30 nm doped PbT 
layer. The transport current on the hole- only device shows an ohmic behavior, indicating the  
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existence of a resistance of about 104-105 kΩ at both positive and negative biases. Moreover, 
no light emission occurs on the bilayer OLED. The exact reason is not clear yet. It is 
suggested that there exists two possible sources for such behavior. One is the formation of a 
Fig. 4.19 Electrical characteristics of the devices introducing a PF6-- doped PbT layer. (a) an 
ITO/PbT (25 nm)/NPB (200 nm)/Ag; (b) an  ITO/PbT(25 nm)/NPB(70 nm)/Alq3(70 
nm)/Mg:Ag device.   
(b) 
(a) 
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thin insulating interfacial layer at the PbT/NPB interface123 which hinders the current transport 
and results in the symmetric I-V feature. Another lies in a possible diffusion and migration of 
small dopant anions from the PbT layer into the organic layer, which leads to the EL 
quenching at the NPB/Alq3 interface. A clue to solve the puzzle may lie in the investigation of 
the dependence of the I-V feature on the doping degree (corresponding to different 
concentration of free charge carriers) of the PbT layer in combination with impedance 
measurement and the XPS. 
 
4.3 Conclusions 
    Polybithiophene thin layers with a well-defined morphology and a high degree of 
smoothness have been prepared by the electropolymerization of 2,2’- bithiophene. The films 
in the semiconducting and neutral state are chemically and electrochemicallly stable, whereas 
the oxidized state is relatively unstable and only a low doping level remains with a relatively 
homogenous spatial distribution of the counter-anions. The energetic states (e.g. the HOMO) 
of PbT have been determined by the electrochemical method. 
   Semiconducting PbT thin layer has been utilized as a hole-injection contact. The following 
results have been obtained: 
  (1) The PbT improves remarkably the hole-injection between ITO and the molecular hole-
transport layer NPB. However, a considerably large barrier remains still at the ITO/PbT 
contact, which leads to a thermionic injection of holes at low field. 
   (2) Vapor- deposited NPB/Alq3 OLEDs incorporated with a PbT layer show a sharp 
reduction of the operating voltage as well as an enhanced luminous efficiency and luminance 
compared to the device without PbT. The introduction of PbT does not affect the value of the 
current efficiency but shifts its maximum to a lower field. Additionally, the optimum range of 
the PbT thickness is found regarding the OLED performance. However, the fabrication of 
OLEDs incorporated with doped PbT layer has not been successful.  
    Based on these facts, it has been demonstrated that the incorporation of an 
electropolymerization step into the fabrication of vapor-deposited molecular OLEDs is an 
alternative approach to produce high performance OLEDs. This result is very encouraging for 
the utilization of this method to other anode structures based on the polymer (semiconducting 
and conducting)/small molecule interface. 
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5. Electrochemical treatment of PEDT:PSS for OLED 
 
5.1 Introduction 
   As seen in the preceding section, there is a considerably large barrier for hole injection 
between ITO and an undoped PbT interlayer as well as a voltage drop through such a layer in 
spite of an enhanced hole injection. The oxidized state of PbT is unstable and the fabrication 
of an OLED using doped PbT has not been succeeded. Therefore, other polythiophene 
materials with a stable doping level have to be introduced. Poly(3,4-ethylendioxythiophene) 
(PEDT) seems to be a good candidate due to its remarkable properties131-132,168. PEDT is very 
stable in the doped state and can reach a high conductivity up to 200 S·cm-1. It is one of the 
most environmentally stable conducting polymers known so far. Additionally, it is almost 
transparent in thin oxidized films131. Usually, the electropolymerization is a convenient 
method for the preparation of PEDT layer, which has been extensively studied in last years. 
However, as demonstrated in our experiments169, PEDT layers from this process are not 
homogenous enough with a large amount of irregular structures in the surface, which cause 
readily the short circuit of OLED devices using such PEDT as the injection layer.  
   On the other hand, a water-soluble blend of PEDT with poly(styrensulfonate) (PSS) 
(PEDT:PSS, invented by Bayer AG) from oxidatively chemical polymerization has good film-
forming properties170, 171, and has been commonly used as the buffer layer in polymeric 
OLEDs. It has been found that the PEDT:PSS-covered ITO anode reduces the operating 
voltage and increases the device lifetime remarkably68-71. This was attributed to a lowered 
hole-injection barrier between ITO and the HTL as well as a smoother surface of the anode 
than the bare ITO. Usually, this layer is prepared by spin-coating of the PEDT:PSS dispersion. 
To optimize its electronic and optical properties, a controlled treatment of the dispersion or 
the produced layer is necessary. However, up to now, there are only a few reports on this 
strategy. For instance, PEDT:PSS was added with a small amount of glycerol (G-PEDT:PSS) 
172, which allows the conductivity of PEDT:PSS to be dramatically enhanced. Based on this, a 
whole- PEDT:PSS anode without ITO has been employed in OLEDs173. Here, we attempt to 
adjust the doping level of the PEDT:PSS layer electrochemically in order to tune the hole-
injection capacity between the ITO/organic interface. 
    The doping level of the polymer anode is correlated with its electrochemical equilibrium 
potential (Eeq)174, and an offset exists between Eeq and the work function φ, with the latter 
directly influencing the hole injection barrier124. It is therefore possible to control φ of the 
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anode directly by adjusting the doping level of the polymer. The electrochemically-induced 
charge transfer is a convenient method to adjust the redox state of the polymer in an 
electrodeposition process174, and the potentiostatic doping of the polymer is usually used. 
Gross et al. demonstrated that the barrier of hole injection can be tuned continuously by 
modifying the doping level of an poly(4,4’-dimethoxybithiophene) (PDBT) layer prepared 
eletrochemically114. For the π-conjugated PEDT, this method is particular suitable because the 
polymer keeps redox- active without degradation over a broad potential range from –1.0 V to 
1.4 V131, 168. Thus a wide range of the tunability for Eeq exists. Within this range, a continuous 
distribution of the redox states is observed. Therefore the work function should be adjustable 
in small steps by the electrochemical method. However, the layer formed by 
electropolymerization is not smooth enough, which will be disadvantageous to the 
performance and reliability of the device fabricated114. In our case, a smooth PEDT:PSS layer 
from a casting procedure was chosen and p-toluensulfonic acid  was used as supporting 
electrolyte to modify the doping state of the polymer. By utilizing the treated polymer layer as 
the hole-injection contact, an effort is made to optimize the hole-injection feature and 
performance of the vapor- deposited molecular OLEDs.  
 
5.2 Electrochemical treatment: process and characterization 
   Patterned ITO-coated glasses (Merck. 15Ω/ ) were cleaned extensively, and then treated in 
oxygen plasma prior to use. The polymer films were prepared by spin-coating of an aqueous 
PEDT:PSS dispersion (Baytron  P175, its chemical structure is shown in Fig. 5.1) on ITO. 
Very homogenous layers were formed due to the good wetting of such ITO surfaces. The 
thickness is about 60-150 nm as determined by AFM measurement. Then the films were dried 
at 100ºC for 10 min in air. The PEDT:PSS films prepared according to this procedure are 
referred as ‘as-prepared’ in contrast to ‘treated’ films in the following sections. 
   The tuning of doping level was carried out by the potentiostatic electrolysis at the applied 
potentials from -0.6 V to 0.8 V in a one-compartment cell. The supporting electrolyte was 
water- free 0.1 M p-toluenesulfonic acid (its structure is shown in Fig. 5.2) in acetonitrile. 
Tosylate (Tos-) was chosen due to its structural similarity with the repeating unit of PSS as 
well as its higher mobility compared to PSS. The PEDT:PSS-coated ITO anodes served as 
working electrodes; the reference and counter electrode was Ag/AgCl and Pt, respectively. All 
potentials given are referred to the potential of an aqueous Ag/AgCl electrode. The electrolyte 
was degassed from oxygen by nitrogen  bubbling  for 15 min and a  nitrogen atmosphere  was 
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 maintained over the solution during the experiment. Thereafter, the films were rinsed 
carefully with acetonitrile and dried in a stream of pure N2. The electrochemical equilibrium 
potential Eeq was determined from the value of open circuit potential (OCP) measured after 
the procedure mentioned. The absorption spectra were obtained at relevant Eeq values in air 
with a Shimadzu UV 3101 PC UV-vis-NIR spectrophotometer. XPS measurements were 
performed with a PHI 5600I spectrometer equipped with monochromatized Al Kα source, and 
ultraviolet photoelectron spectroscopy (UPS) measurements were carried out with He I (hν  = 
21.2 eV) radiation. 
 
5.2.1 Variation of doping level 
   Fig. 5.2 is the cyclic voltammogram (CV) of an ‘as-prepared’ PEDT:PSS film (60 nm) in 
0.1M toluenesulfonic acid/acetonitrile solution. The voltammogram shows an oxidation peak 
of PEDT at ca. 0.35 V, which is very similar to that for the PEDT electrodeposited in aqueous 
electrolyte. The film displays a reproducible redox behavior in the electrolyte and remains 
electro-active after continuous cycles between –0.2V to 0.7 V, indicating a high 
electrochemical stability. 
   When an electrode potential was applied upon the working electrode, the anodic or cathodic 
current flow occurs in dependence of the value of the potential. The amount of the charge 
within  the polymer was  thus changed, which as we  assume  should be  accompanied  by  the  
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Table 5.1 The amount of the injected charge Q and the variation of doping level ∆δ for a 120 
nm PEDT:PSS layer (area: 5 cm², density: 1.5 g/cm-3) by applying different potentials (vs. 
aqueous Ag/AgCl electrode).The sequence of potential steps applied follows the way: 0V→ 
0.47V→ … → 0.77V→ 0.26V→ … → -0.48V. The effect of double-layer capacitance on 
injection current was neglected. 
 
Applied 
potential (V) Q (mC) ∆δ (10
-2) 
none  
 (as-prepared) 
0.0 0.0 
0.77 1.98 7.91 
0.67 1.14 4.55 
0.57 0.712 2.84 
0.47 0.382 1.53 
0.26 -0.30 -1.20 
0.17 -0.632   -2.52 
-0.18 -4.93* -19.7** 
-0.48 -15.30* -61.1** 
 * A part of cathodic current comes from a reduction process of the ITO substrate at negative 
potential (≤ -0.18 V). 
 ** Not reliable value of the doping level. 
 
injection of Tos- anion or the migration of H+ cation out of the polymer during the doping, as 
well as the injection of H+ into the layer during the dedoping, respectively. The nominal 
doping level can be defined as: 
Fig.5.2 Cyclic voltammogram of an as-prepared PEDT:PSS film in 0.1M toluenesulfonic 
acid/acetonitrile solution at different scan rates. The thickness of the layer is ca. 60 nm. The 
inset shows the chemical structure of toluenesulfonic acid. 
 
SO3
- H+
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                                                    molar number of charge injected 
       molar number of PEDT repeating units 
    Since PEDT:PSS (untreated) is highly p-doped with an oxidation level of 33%175, the 
amount of charge (positive and negative) injected during the redox process should correspond 
to the variation of doping level ∆δ in the polymer. With the known amount of PEDT:PSS 
deposited on ITO, the number of PEDT repeating units can be calculated (overall molar ratio 
of PEDT to PSS repeating units is 0.82175). Hence the change of doping level can be 
quantitatively determined. Table 5.1 lists the amount of injection charge and relevant ∆δ 
values for a 120 nm thick PEDT:PSS layer  at different electrode potentials.  The doping level  
increases monotonically with the applied positive potential. 
Table 5.2 Electrochemical equilibrium potentials Eeq of a PEDT:PSS layer corresponding to 
the ∆δ value shown in Table 5.1 after the adjustment at different applied potentials (vs. 
aqueous Ag/AgCl electrode).  
 
Applied 
potential (V) 
Eeqa(V) Eeqb (V) 
None 
 (as-prepared) 
0.37 0.37 
0.77 0.68 0.59 
0.67 0.57 0.51 
0.57 0.52 0.45 
0.47 0.41 − 
0.26 0.27 0.27 
0.17 0.23 0.22 
-0.18 -0.01 0.09 
-0.48 -0.05 0.02 
     a. Measured in the solution (20 min after the modification at positive potential and   
         5 min after the modification at negative potential, respectively). 
      b. Measured after the modified layers were rinsed by acetonitrile and dried 
    To validate the above introduced ∆δ, we correlate its value to a ‘true’ quantification of the 
doping level by measuring the electrochemical equilibrium potential Eeq. Table 5.2 gives a 
series of Eeq values of the layer after the corresponding redox processes. It indicates that the 
doping level of PEDT:PSS layer can be modified further in spite of its compact morphology, 
and suggests that the amount of the charge injected is indeed a good measure of the doping 
state of the polymer. As shown in Fig. 5.3, the Eeq value increases approximately 
logarithmically with the amount of the injected charge. The higher oxidation state (e.g. Eeq of 
0.68 V)  relative  to  the  unmodified  layer (Eeq of 0.37 V) is very stable,  which is manifested  
(5.1) δ = 
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from only a slight drop of Eeq when the electrochemical process is interrupted by 
disconnecting the electrochemical cell. Such a high oxidation state also changes little at dry 
state in air (a slight drop to 0.59 eV of Eeq. This observation is different from that in other 
conducting polymers e.g. polyanilline and polypyrrole176, 177. In those cases, the counterion 
tends to be solvated and mobile in the polymer when in contact with the solvent, resulting in 
an unstable doping. This stabilization of increased doping of PEDT:PSS is critical for the 
device preparation.  
   In contrast, the reduced state is more difficult to obtain. The applied potential of up to –0.5 
V only leads to an Eeq value of 0 V in air. Furthermore, the reduced layer shows a rapid 
increase of open circuit potential in the electrolyte after the interruption of the reduction 
process. It is attributed to the very low reduction potential of PEDT (-0.5 V)168; a trace amount 
of O2 and water from the electrolyte or air can oxidize the layer. In addition, if the layer is 
reduced at a large negative potential (≤ –0.48 V) at first and then oxidized at the potential 
above 0.37 V (Eeq of as-prepared layer), the doping level is always lower than that for the as-
prepared film (also confirmed by the following UV-vis-NIR spectra). It suggests the 
possibility that a degradation process of the PEDT:PSS occurs during the dedoping process. 
   The change of surface morphology of PEDT:PSS during electrochemical treatment is an 
important issue to consider. Fig. 5.4 shows the SEM graphs for the layers as- prepared and 
Fig. 5.3 Eeq’s change (Eeqa in Table 5.2) of a PEDT:PSS film (with a thickness of 120 nm and 
an area of 5 cm²) as a function of charge Q injected during electrochemical treatment. For the 
dedoping at high negative potential (≤ -0.18 V), the data are not shown because of the high 
instability of the Eeq value and because the derived Q value is uncertain (a large part of 
cathodic current comes from the reduction process of the ITO substrate). 
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after the doping at a potential of 0.77 V. Both of surfaces are highly smooth and no apparent 
morphological change takes place. The surface roughness of the modified layer is in the range  
 
 
 
 
 
of 2-3 nm determined by AFM, which is almost the same as that for the as-prepared layer. The 
morphological changes after the reduction are still small, only a little small cracks are found at 
the boundary of the film after long-time reduction for up to 400 seconds, which is attributed to 
the erosion of underlying ITO layer by the acidic electrolyte. In general, this indicates that the 
electrochemical treatment does not affect the homogeneity of the films. 
  
5.2.2 UV-vis-NIR spectra 
   Fig. 5.5 shows a series of UV-vis-NIR absorption spectra for PEDT:PSS films adjusted at 
different electrode potentials. The absorption band below 1000 nm decays especially for the 
feature centred around 890 nm which is suggested to be the polaronic band178. While the band 
between 2000 nm and 1300 nm enhances gradually with the increase of positive potential, 
which is ascribed to a bipolaron subgap state179. The number of bipolaron states increases 
while the number of polaron states decreases with increasing doping level, which indicates 
that a transition from polaronic to bipolaronic state occurs during the doping process. The 
variation of the absorption corresponds to that of the Eeq value shown in Table 5.2. 
    It is to be pointed out that the absorption band at a higher oxidation state is very similar to 
that for the as-prepared layer (slight enhancement of bipolaron band relative to the latter), 
because the oxidation level is already high in the latter. On the other hand, the infrared bands 
are still present and the absorption associated to the π-π* transition (band at 580 nm) remains 
very weak when the high negative potential is applied. It indicates that the reduced PEDT is 
not entirely neutral,  similar to  the case  for aqueous PEDT electrodeposited180.  Two possible  
Fig. 5.4 SEM graph of PEDT:PSS layers for (a) as-prepared and (b) after electroche
doping at the potential of 0.77 V. 
(a) (b) 
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reasons are suggested which cause such a feature: (1) existence of some amount of charged 
PEDT after the reduction which originates from the compact structure of the PEDT:PSS layer; 
and (2) the low stability of the reduced state of PEDT in the ambient atmosphere. A neutral 
film will be oxidized rapidly during the interval of the measurement. Therefore, the in-situ 
spectro-electrochemical investigation of the reduction process should be carried out to 
distinguish between these two sources. 
 
5.2.3 XPS and UPS results 
   XPS spectra were used to investigate chemical change of PEDT:PSS during the 
electrochemical modification process. Fig. 5.6 shows the XPS survey spectra of PEDT:PSS 
layers before and after the doping/dedoping, respectively. For an as-prepared layer, a clearly 
visible Na 1s peak is found, indicating a large amount of sodium (roughly one sodium atom 
per four sulfur atoms from quantitative analysis) in the near-surface region. However, Na 1s 
emission disappears completely after the treatment. Furthermore, the absence of sodium is 
also found if the as-prepared layer is immersed in pure acetonitrile for 10 min. This indicates 
that sodium can be completely exchanged by the solvent before the electrolysis (the 
electrolyte has to be degassed for 15 min). Therefore Na+ ion is not responsible for the 
doping/dedoping process. 
   Fig. 5.7 (right part) shows the S 2p core-level spectra of PEDT:PSS as-prepared and after 
the doping. The complexity of the S 2p spectra implies that several sulfur-containing chemical  
Fig. 5.5 UV-vis-NIR absorption spectra of a 120 nm PEDT:PSS on ITO as a function of the 
electrode potential: a. as-prepared, b. 0.77 V, c. –0.18 V, d. -0.48 V, e. 0.77 V after the layer 
was reduced at –0.48 V. 
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species are present. For the as-prepared film, the lower binding energy (BE) doublet at 163.4 
eV and 164.7 eV can be assigned to the sulfur atom in PEDT181, 182. Moreover it shows an 
asymmetric tail on the higher BE side. This arises from the presence of positive charges in the 
monomer units of the PEDT chain (p-doped), which is delocalized over several adjacent rings. 
The S 2p emission with the higher BE near 168 eV is assigned to the sulfur atoms in PSS, 
which according to the analysis by Greczynski181 is a combined contribution from the PSSH 
and PSS-Na+ species in PSS chains. For the sample with higher doping level, the lineshape of  
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Fig. 5.6 XPS survey spectra of PEDT:PSS layers for as-prepared and after electrochemical
treatment or stored in acetonitrile for 10 min. 
Fig. 5.7 S 2p and O 1s core-level spectra of the PEDT:PSS layers as-prepared and after the 
electrochemical doping at 0.77 V. 
S 2p O 1s 
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S 2p keeps similar to that for the as-prepared layer. However, the intensity of PEDT 
component relative to that of PSS is reduced, which should be attributed to the injection of 
tosylate anions from the electrolyte into the near- surface region. Moreover, the S 2p peak at 
168 eV becomes more well- resolved and shifts slightly towards higher BE. This is attributed 
to the removal of sodium, by which PSS-Na+ is converted to the sulfonic acid form (PSSH) so 
that most of PSS component arises from the PSSH species. On the other hand, the relative 
intensity of the PEDT component changes only slightly after the reduction process (not 
shown), indicating the absence of expulsion of PSS- anions into the electrolyte during the 
reduction. 
   The variation of O1s spectra (left part of Fig. 5.7) after electrochemical treatment is 
consistent with that of the S2p emission. The oxygen component (at 532.8 eV) assigned to the 
oxygen atom in PEDT, is found to decrease relative to the PSS component at lower BE (531.7 
eV) after doping, which can be attributed to the penetration of Tos− anions. While the lower 
BE component shifts towards higher binding energy side. This is correlated with the 
conversion of PSS−Na+ into PSSH in the polymer. 
   From the XPS experiments and other results shown above, some comments will be given on 
the microscopic process involved in the electrochemical treatment of PEDT:PSS films. Upon 
doping, Tos- anions penetrate into the layer to compensate the enhanced positive charge on the 
PEDT chains, which is shown by the S2p and O1s spectra. However, the channel that the H+ 
ions diffuse from the PSSH chain into the electrolyte is also considered to be possible. It will 
produce more PSS− repeating units on the PSS chain acting as the counterion. It is not certain 
whether this channel exists and we also do not know the number ratio of Tos- to PSS- 
repeating units during the doping. On the other hand, the cathodic current during the dedoping 
should originate from the injection of H+ cations from the electrolyte rather than the diffusion 
of PSS- chains out of the layer because of its large size. This is verified further by the 
treatment of PEDT:PSS using N(Bu)4PF6 as supporting electrolyte. During the doping, the 
value of the anodic current is nearly the same as that using toluesulfonic acid solution at a 
given potential. However, the cathodic current is reduced by a factor of 2 during the dedoping, 
because N(Bu)4- is a larger ion (and thus less mobile). Its diffusion is more difficult than that 
of H+ due to its relatively large size as well as the close-packed PEDT:PSS structure. 
   The work function of PEDT:PSS films was measured by UPS. Fig. 5.8 (a) shows He I UPS 
spectra of the layers before and after electrochemical treatment. The binding energy is 
referenced to the Fermi level (EF), and the samples were biased at –5.0 V so that the inelastic 
secondary  electron  cut-off  for  the  sample  could  be  determined.   The  spectra  reveal  the  
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Fig. 5.8 He I UPS spectra of PEDT:PSS from as-prepared as well as those after 
electrochemical doping (at the potential of 0.77 V, Eeq of 0.59 V) and dedoping (at –0.48 V, 
Eeq of 0.02 V): (a) valence band spectra, (b) inelastic second electron cut-offs. The inset 
shows the Fermi edge from low BE part of the spectrum. 
 
(a) 
(b) 
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molecular orbital structures at the binding energy above 2 eV, but between 2 eV and the EF 
the spectra appear featureless. As seen from the inset of the figure, a finite density of states at 
Fermi edge was detected which is thus a direct confirmation of the metallic characteristic of 
PEDT:PSS. The work function φ of the sample can be obtained by183, 184 
                                                           Eh ∆−= υφ                                                              (5.2) 
where hν is the photon energy and the spectrum width ∆E is determined from the distance 
between the sample inelastic cut-off (Ecutoff) and the Fermi edge. Fig. 5.8 (b) shows the 
emission cut-offs for as-prepared as well as oxidatively and reductively modified films, 
respectively. The different cut-off energies indicate the variation of the work function upon 
the adjustment. The work function of as-prepared layer is 5.1 eV, in good agreement with the 
value given in the literature72, 184. The work function φ for further-oxidized sample (Eeq of 0.59 
V) enhances by 0.2 eV while the φ decreases by 0.40 eV for the reduced layer (Eeq of 0.02 
eV), which is in good agreement with the changes of the Eeq values. This unambiguously 
demonstrates that the work function can be tuned by an electrochemical adjustment of the 
oxidation level in the PEDT:PSS layers.  
5.2.4 Energy level alignment 
   The work function of PEDT:PSS is independent of  that of the underlying ITO substrate 
upon comparing our UPS results with those in the literatures72, 185. This is because the density 
of charge carriers in highly doped PEDT:PSS (conductivity of ca. 10-1 S⋅cm-1) is high enough 
to allow the equilibration of the Fermi level between the polymer and ITO substrate by means 
of interfacial charge transfer. Thus PEDT:PSS always aligns to EF of the ITO with a potential 
ITO
  PEDT:PSS
Evac
   EF
NPB
HOMO
LUMO
 
 
 
 
 
 
Evac
HOMO
PEDT:PSS
LUMO
NPB
EF
(a) Before contact (b) After contact 
Fig. 5.9 Schematic energy level diagram for an ITO/PEDT:PSS/NPB system (a) before and (b)
after the polymer contacts with ITO by which the interface is formed. The barrier for hole
injection is denoted by ∆. 
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drop at the interface which equals to the work function difference as illustrated in Fig. 5.9. 
The change of work function by the modification of the doping level in the polymer does not 
influence the alignment of the Fermi level but only the interfacial potential drop. Fig. 5.9 also 
shows the energy level diagram at the interface between PEDT:PSS and a hole transport layer 
NPB. The separation of EF in the polymer and the HOMO level of NPB is the energy barrier 
for hole-injection. As reported by Mäkinen et al. from UPS measurements72, the interfacial 
dipole effect is negligible in PEDT:PSS/small molecule interface thus the vacuum level of 
PEDT:PSS aligns with that of NPB, i.e. the hole-injection barrier is simply equal to the 
difference between the HOMO level of NPB and work function of the polymer. Since the 
work function is enhanced by electrochemical doping, the hole injection barrier should be 
reduced with the increase of the doping level of PEDT:PSS. For the polymer with a high Eeq 
of 0.59 V, the barrier will be very small (0.2 eV, the HOMO value of NPB is 5.5 eV) and an 
ohmic contact is almost achieved. 
   Hole-only devices were prepared to study the influence of electrochemical doping on the 
hole-injection. A 60 nm PEDT:PSS layer on ITO oxidized at 0.77 V acts as anode. The device 
structure is ITO/polymer/150 nm NPB/Ag. Fig. 5.10 shows the I-V characteristic of such a 
device in a log-log plot. A power law dependence is found above the bias of 1.5 V, I ∝ V1.93, 
approaching  the  trap  free  SCL current (TFSCL)16, 166 JSCL ∝ V2.  The inset of Fig. 5.10 gives  
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Fig. 5.10 I-V characteristic of a hole- only ITO/PEDT:PSS/NPB/Ag device in a log-log plot.
The polymer anode was doped further at the potential of 0.77 V. The thickness of the NPB
layer is 150 nm. The solid line shows the TFSCL current calculated for 150 nm of NPB. Inset:
injection efficiency of the device. The built-in-potential Vbi equals to the difference of the
work functions between the polymeric anode (5.3 eV) and Ag cathode (4.3 eV), with a value
of 1.0 eV. 
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the injection efficiency of such a device, which is defined as the ratio of the measured current 
and the TFSCL current79. The mobility is assumed to be 4 x 10-4 cm2/V·s for NPB. The value 
of the injection efficiency is in the range of 0.2-0.3, nearly 3 orders of magnitude larger than 
that at an ITO/NPB interface (in Section 4.2.2). It indicates that the injection is close to be 
ohmic at such a polymer anode/NPB interface due to high φ of 5.3 eV for PEDT:PSS. The 
deviation from the ideal TFSCL value may originate from an insufficient purity of the NPB 
material (unsublimed), in which the mobility is strongly reduced. 
 
5.3 Effect of electrochemically treated PEDT:PSS on the performance of OLED 
5.3.1 NPB/Alq3 bilayer OLED: influence of doping level (Eeq) on PEDT:PSS 
   Molecular OLED devices consist a NPB layer with a thickness of 70 nm and a 70 nm thick 
tri(8-hydroxyquinoline) aluminium (Alq3) layer on electrochemically treated PEDT:PSS/ITO 
anodes. The thickness of the polymer is 60 nm. A mixture of Mg and Ag (10:1) was used as 
the cathode. The inset of Fig. 5.11 gives the schematic structure of the devices. The I-L-V 
characterization was performed in situ and in ambient atmosphere.  
   As shown in Fig. 5.11, the current–voltage (I-V) and luminance-voltage (L-V) 
characteristics strongly depend on the doping level of PEDT:PSS. The onset of light output 
and current is reduced monotonously with the increase of the Eeq value. The result should be 
correlated with a systematic decrease of hole injection barrier at the polymer/NPB interface as 
a result of enhancement of the work function for the PEDT:PSS layer. When the doping level 
exceeds that of an as-prepared anode, the devices built on these modified anodes gradually 
show enhanced luminance and a reduction in the operating voltage according to the level of 
oxidation in the anode. For the anode with the very highly oxidized state (Eeq of 0.59 V), the 
operating voltage of the OLED is reduced by more than 2 V and the luminance improved five-
fold at the given voltage, compared to the device on the as-prepared anode. This is attributed 
to a nearly ohmic transport behavior at such a polymer/NPB interface due to a small hole-
injection barrier. In addition, the OLEDs using the PEDT:PSS anodes both as-prepared and 
with a higher Eeq, show a remarkable enhancement of current density and EL luminance 
compared to the devices on a bare ITO anode, a fact which originates from a more favorable 
work function of these polymeric anodes. Table 5.3 summarizes the performance data of the 
devices that show a strong dependence on the doping level of electrochemically- treated 
anodes. The operating voltage is reduced by 3.2V if the Eeq value of the anode varies from 0 V 
to 0.59 V,  and correspondingly  the luminous  efficiency (lm/W) is enhanced nearly  twice. It  
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Fig. 5.11 Performance of the OLEDs with a general structure: Modified 
anode/NPB/Alq3/Mg:Ag: (a) I-V, (b) L-V characteristics. The 60 nm thick PEDT:PSS (on 
ITO) anodes are adjusted electrochemically to different equilibrium potentials Eeq.  Inset: 
OLED structure. 
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indicates that the modification of doping level of the anode influences not only the hole 
injection but the recombination efficiency of the OLED.  
    Table 5.3  Performance of OLEDs built on modified anodes with different Eeq values. 
Eeq of anode (V) 0.59 0.45 0.37 0.02 
Turn-on voltage (V) 
for 1 cd/m² 3.2 3.8 4.3 5.4 
Operating voltage (V) 
for 100 cd/m² 6.5 7.7 8.5 9.7 
Current density (mA/cm²) 
for 100 cd/m² 4.2 3.2 4.1 6.0 
EL efficiency (cd/A) 
for 100cd/m² 2.40 3.25 2.40 2.00 
Luminous efficiency 
(lm/W) for 100 cd/m² 1.16 1.33 0.887 0.64 
 
a. EL efficiency 
   In Fig. 5.12, the EL efficiency (cd/A) of the devices is plotted vs. the bias voltage. The EL 
data are corrected accounting for the variation of the PEDT:PSS transmission (see in Fig. 5.5). 
Devices on the reductively treated anodes show a large reduction of efficiency due to poor 
hole-injection  behavior.  For  the devices on the anodes with lightly  oxidative  treatment,  the  
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EL efficiency is enhanced obviously and the voltage at which the efficiency maximum is 
reached shifts to lower bias compared to the device on an unmodified anode. This 
Fig. 5.12 Current efficiency (cd/A) as a function of the bias voltage for different OLEDs 
shown in Fig. 5.11. 
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enhancement can be explained by the increase in the number of holes injected into the Alq3 
layer so that the recombination probability is increased at a lower bias voltage. However, the 
maximum efficiency of the devices on highly oxidized anodes (Eeq of 0.59 V), 2.6 cd/A, is 
lower than that of devices with slightly modified anodes (3.4 cd/A). This is caused by excess 
hole- injection relative to electron injection, which leads to a reduced ratio of the electron/hole 
numbers. With further optimization, e.g., by the introduction of LiF/Al as the cathode88, for 
which electron injection will be remarkably enhanced, a higher EL efficiency is expected.  
b. Current-voltage feature 
   Fig. 5.13 shows the current-voltage curves of the NPB/Alq3 OLEDs built on the 
PEDT:PSS/ITO anodes with different doping states (Eeq) in a log-log plot. The I-V behavior is 
very similar for the devices with an oxidatively- modified  anode  and  with  an  untreated one.  
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At high bias, both I-V characteristics follow the space- charge limited (SCL) dependence:  j ∝ 
Vm, m ∼ 6.0-6.5, in analogy to the case using a PbT interlayer. The current is controlled by the 
trap-limited transport of electrons in the bulk Alq3. The transition from the low-field ohmic 
behavior into the high-field one occurs at an effective bias of 1.5-2 V (considering Vbi), 
similar to the case of the PbT-inserted OLEDs, even though the built-in-potentials for the two 
types of devices are very different (1.4-1.6 V for PEDT devices vs. 0.6 V for PbT devices). 
However, the I-V curve of the device with a low Eeq- anode (Eeq of 0 V) cannot be fitted well 
using the known SCL or injection-limited expressions (R-S thermionic emission, Fowler-
Nordheim tunnelling or diode equation). This indicates the complexity at such an injection 
Fig. 5.13 Current-voltage features of the OLEDs on anodes with different oxidation level 
(Eeq) in a double-logarithmic plot. The built-in potential is approximated by the work function 
difference of the polymeric anode and Mg:Ag cathode. 
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contact that may originate from the degradation process in the polymer as well as a possible 
passivation of the polymer-ITO interface during electrochemical reduction. Further 
investigation about the influence of the reduction condition (and thus different Eeq´s) on the I-
L-V feature, should be performed to give a deeper insight in interfacial charge transfer 
process. 
   Additionally, it is to be noted that some of the OLEDs using the as-prepared or oxidatively- 
treated anodes display an injection-limited I-V feature, i.e. R-S thermoionic emission. In these 
cases, the current and light output are several times lower than those for the ‘normal’ devices 
with the same kinds of anodes and then decrease further by one or two orders of magnitude 
after several voltage sweeps. This is probably related to traces of water in PEDT:PSS which 
have not been removed during thermal treatment or are absorbed during the transfer of the 
substrate into the chamber (without inert atmosphere). The chemical reaction occurs between 
water and the NPB, which leads to an interfacial passivation and thus the degradation of 
device performance69. Therefore, special attention should be paid on the effect of thermal 
treatment. Also the polymer substrates should be handled in a moisture- free atmosphere to 
eliminate the content of water. 
c. Device stability 
   Initial lifetime studies were performed on OLEDs with different PEDT:PSS/ITO anodes to 
test the device stability. The devices were run in dry N2 atmosphere of the growth chamber 
under constant voltage. The starting luminance is 400 cd/m² for all devices tested. The bias 
applied was 10V for the device with the as-prepared polymer anode while it was reduced by 
2V if the anode with an Eeq of 0.59 was introduced. Fig. 5.14 shows the typical variation in 
current and luminance as a function of the operating time. During the first one or two minutes 
of operation, the current and luminance of all samples rise, which is perhaps a heating effect. 
In the following hours the current and luminance show a decrease. The device with the 
unmodified anode shows a fast degradation with a decrease in luminance of more than 60% in 
the first hour. Then a slow degradation occurs. The decrease in the current mimics that in 
luminance. Such behaviors is similar to that for the molecular PEDT:PSS/TDAPB/Alq3 
devices70 and polymeric PANI/MEH-PPV OLEDs67. For the device with a reductively- treated 
anode, the luminance and current increase roughly by a factor of 2 in the first two minutes of 
the operation and then decay rapidly manifesting a high instability due to the unfavourable 
interfacial feature, which is thus not shown in Fig. 5.14. 
    On the other hand, the OLED on the anode with a high Eeq shows a much slower 
degradation with a loss of starting luminance by ca. 25% in the first hour of operation. The 
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degradation rate is also slightly lower in the following aging than that for the device with an 
unmodified anode. The improvement of device stability (for the first stage of aging) should be  
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attributed to the removal of small mobile ions, e.g. sodium ions and possibly H+ ions from 
PEDT:PSS by electrochemical treatment. Otherwise, such positive ions will perform an 
electrophoresis process e.g. field-driven migration from the polymer/organic interface into the 
NPB layer and thus produce a reverse internal electric field. The electric field will cause a 
reduction of the effective forward field within the device for the carrier injection and 
transport, which leads to a decrease of current and luminance. The assumption can be 
confirmed further if applying a reverse bias voltage on the device with the as-prepared anode 
and then measuring the luminance and current at forward bias. The EL output is enhanced by 
Fig. 5.14 Change in luminance (a) and in current (b) vs. time normalized to the initial value 
for the OLEDs using different anodes: 1. bare ITO; 2. as-prepared PEDT:PSS/ITO; 3. 
PEDT:PSS/ITO oxidized further at the potential of 0.77 V. 
(a) 
(b) 
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15% upon the bias e.g. at – 4 V for 2 minutes. In this case, the internal electric field formed 
under the reverse bias has the same direction as the latter forward bias, and thus acts as a 
positive factor for device performance. The similar behavior has also observed by Zou et al. in 
pristine TPD/Alq3 devices186 even though the effect is not so pronounced as in our case. 
   The second stage with a slow degradation rate is related to the growth of dark spots at the 
cathode that leads to the extension of non-emissive areas. The reduction of the hole injection 
barrier by increasing the doping level of the anode eliminates the energy dissipation at the 
polymer/NPB interface. Moreover, the reduction of the electric field by lowering the 
operating voltage will slow down the electrochemical corrosion process of the cathode upon 
the operation. These will lead to an enhanced device stability of the OLEDs with higher Eeq. 
   Fig. 5.14 also shows the aging behavior of the OLED using a bare ITO anode. The 
luminance and current fall continuously and the device keeps only 15% of the initial 
luminance after 6 hours. Furthermore, when the device is running the current noise is much 
higher compared to the PEDT:PSS device. The poor stability arises from the dust and 
imperfection on ITO (see Section 3.5) that causes micro-shorts through the organic layer. In 
contrast, PEDT:PSS planarizes the ITO surface to cover the dust. No voltage drop across the 
polymer occurs due to the high conductivity of PEDT:PSS. This leads to a lateral 
homogeneous current density, reducing the probability for electrical shorts and prolonging the 
device lifetime. 
 
5.3.2 Improvement of EL efficiency by introducing LiF/Al cathode  
   As seen from Fig. 5.12, the EL efficiency for the PEDT:PSS devices is very low and even 
not comparable to the maximum value (4.3 cd/A) for pristine NPB/Alq3 devices. This rises 
from a relatively insufficient electron injection at the interface between the electron transport 
layer and cathode. Therefore the enhancement of electron injection will be necessary to 
improve further the OLED performance. An effective approach is the insertion of an ultrathin 
lithium-fluoride (LiF) layer between the electron transport layer Alq3 and aluminium cathode 
introduced first by Hung et al88, which drastically improves the electron injection. Although 
the actual mechanism is still not completely clear, two interplays of the process have been 
proposed: (1) lowering of the work function of aluminium in combination with a monolayer 
LiF, which makes a better alignment of EF of Al with the LUMO of Alq389. (2) LiF dissociates 
by evaporating hot Al atoms on top of LiF, Li atoms diffuse into the underlying organic layer 
and cause an n-type doping187, 188. Furthermore, other highly insulating compounds like MgO, 
CsF90 and Lithium oxide189 also work for this purpose. 
 
                                              Chapter 5. Electrochemical treatment of PEDT:PSS for OLED 
 
                                                                                                                                                                      87 
   At first, the role of LiF/Al cathode is tested by fabricating the OLEDs with an as-prepared 
PEDT:PSS/ITO anode. LiF was thermally evaporated at a rate of 0.05 nm/s. The thickness of  
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the LiF layer is 0.5 nm. Fig. 5.15 shows the I-L-V characteristics of OLEDs with a LiF/Al and 
a Mg:Ag cathode, respectively. The onset of luminance decreases to below 3.0 V and the 
operating voltage is reduced by 3 V via the introduction of LiF instead of Mg:Ag. More 
notably, the current efficiency (shown in Fig. 5.15 (b)) rises rapidly from the EL onset 
towards a plateau region. The maximum efficiency increases by a factor of 2 to 5.0 cd/A with 
respect to the device with a Mg:Ag cathode. The result demonstrates unambiguously that the 
insertion  of  a  LiF  layer  improves  remarkably  the  electron  injection  corresponding  to an  
Fig. 5.15 (a) I-L-V, (b) EL efficiency-voltage characteristics of the OLEDs with as-
prepared PEDT:PSS/ITO anode and different types of cathodes. 
(a) 
(b) 
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Fig. 5.16 (A) I-L-V, (B) EL efficiency-voltage characteristics of the OLEDs with 
different combinations of anode and cathode: a) LiF/Al cathode and polymeric anode 
with a Eeq of 0.59 V; b) LiF/Al cathode and as-prepared polymeric anode; c) Mg:Ag 
cathode and polymeric anode with a Eeq of 0.59 V. 
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efficient hole injection from the PEDT:PSS anode so that a more balanced hole-electron 
injection and recombination is reached. 
   To achieve an optimized performance of the device, the further-oxidized PEDT:PSS anode 
was utilized in combination with the LiF/Al cathode. The I-L-V characteristics are shown in 
Fig 5.16. The device using a LiF/Al cathode and the anode with a Eeq of 0.59 V, displays a 
further reduction of the operating voltage by 2 V and 1.5 V with respect to the device using an 
oxidized anode together with Mg:Ag cathode and that using an as-prepared anode combined 
with LiF/Al, respectively. The onset of light output decreases to 2.8 V and the operating 
voltage for a luminance of 100 cd/m² is 4.5 V. Although the EL efficiency for such a device is 
slightly lower compared to the device on an as-prepared anode (shown in Fig 5.16 (B)), the 
value is still much higher (4.7 cd/A) than that for the device using a Mg:Ag cathode. It 
indicates that the combination of the high Eeq- anode with LiF/Al cathode, i.e. an enhanced 
injection of holes and electrons, is effective to obtain the optimized OLED performance. On 
the other hand, the decrease of the current efficiency in such a device implies that the electron 
injection and transport is still a limiting factor. With a more effective electron transport layer 
e.g. Li- doped Alq392 or the optimization of the thickness (e.g. a thinner layer) and purity (by 
train sublimation) of Alq3, a more balanced charge carrier injection and combination can be 
achieved. Thus further enhanced efficiency is expected. 
 
    As an efficient method for optimizing the properties of a conducting polymer, 
electrochemical doping has several advantages: (1) It is a well- established procedure in solid-
state organic materials and more convenient than other methods, e.g. chemical 
oxidation/reduction process. (2) The doping level can be adjusted in infinitesimally small 
steps by simply changing the applied potential of the working electrode. Thus optimised hole 
injection condition can be achieved. (3) Electrochemical treatment using small counterions is 
valid for the compact polymer layers from the casting process. The treatment does not alter 
and roughen the morphology of the polymer surface, which is crucial for devices fabrication. 
The method can be used to other π- conjugated polymers in general which serve as carrier 
injection contact in OLED devices. It should be possible to extend the principle, i.e. 
modification of the oxidation state of p-type doped polymers, to the adjustment of the 
reduction level of n-type doped polymer cathode that affects the electron injection by a 
reverse electrochemical process190. 
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5.4 Conclusions 
   The main results on electrochemical treatment of PEDT:PSS, which is utilized as the anode 
of the molecular OLEDs, are summarized as: 
1. The doping level of the compact PEDT:PSS films can be adjusted quantitatively by the 
electrochemical doping/dedoping process using toluenesulfonic acid as the electrolyte. 
The diffusion of Tos- anions and H+ cations is responsible for the charge transfer 
process.  
2. The increase of the doping level causes the enhancement of the work function of 
PEDT:PSS, which reduces the hole injection barrier at the interface of polymer 
anode/hole transport layer. An ohmic transport behavior is almost achieved for the 
anode with a very high doping level. 
3. The performance of the OLEDs depends strongly on the oxidation state of the 
PEDT:PSS/ITO anode. The devices built on the stronger p-type doped polymer anodes 
show the reduction of operating voltage as well as a remarkable enhancement of the 
luminance. The stability of such devices is also improved by the removal of the mobile 
ions in the polymer anode. Furthermore, a combination of an oxidatively modified 
anode with a LiF/Al cathode reduces further the operating voltage and improves 
drastically the EL efficiency of OLEDs, which is attributed to a more balanced injection 
and recombination of holes and electrons. 
    The results demonstrate that electrochemical treatment is an effective process to optimize 
the properties of a polymeric anode. 
 
                                                                                                   Chapter 6 Summary and outlook 
                                                                                                                                                                     91
6. Summary and outlook 
 
6.1 Summary 
   In this work, well-defined and stable thin films based on polythiophene (PT) and its 
derivative, are employed as a hole-injection contact of organic LEDs. The polymer films are 
obtained by electropolymerization or electrochemical doping/dedoping of spin-coated layers. 
Their electrical properties and energy levels are tailored by electrochemical adjustment of 
their doping levels, in order to improve the hole-injection from the anode as well as the 
performance of small molecular OLEDs. 
   The pristine OLED structure is an NPB/Alq3 bilayer device on a bare ITO anode, which has 
been prepared by vapor sublimation. The studies on current-luminance-voltage (I-L-V) and 
electroluminescence (EL) characteristics show that such a device has a high operating voltage 
(ca. 10 V for a luminance of 100 cd/m²) and low luminous efficiency, which is attributed to 
the very low work function (4.3 eV) of the ITO anode. Moreover, the device displays a strong 
‘current’ instability during the operation due to the existence of a large number of micro-
shorts within the organic layer. 
   A thin polybithiophene (PbT) layer fabricated by electropolymerization, has been used as a 
hole-injection interlayer in OLED. The morphology, composition, electrochemical properties 
and energy levels were investigated using different methods (SEM, AFM, XPS and CV). It is 
found that the film quality of PT can be improved remarkably by using the dimeric thiophene 
and optimized electrodeposition parameters. The PbT layers produced are well defined and 
smooth (with a surface roughness of 6-7 nm) up to a thickness of 60 nm. The undoped 
semiconducting PbT shows a good redox reversibility and chemical stability in air. The layer 
has a favourable energetic HOMO level of 5.1 eV for hole-injection from ITO into the hole 
transport layer. Moreover, the semiconducting state can be converted into the conducting 
oxidized state by electrochemical doping. However, such a p-doped state is less stable 
compared to the undoped one. Only a low doping level (4.0 %) can be obtained. 
    For the first time, electrochemically-prepared semiconducting PbT layers have been utilized 
to prepare the hole-only devices and vapor-deposited bilayer OLEDs. The results from hole-
only device show that the hole injection from ITO into the PbT can be described by R-S 
thermoionic emission mechanism, and PbT has a good hole transport capability. The 
introduction of the PbT contact improves remarkably the hole injection between ITO and the 
hole transport layer NPB. The NPB/Alq3 bilayer OLEDs with a thin PbT interlayer show a 
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remarkable reduction of the operating voltage (by 4V) as well as an enhanced luminous 
efficiency compared to the devices without PbT. The studies of the influence of the PbT 
thickness on current efficiency and I-V feature of the OLED, show that an optimum range of 
the PbT thickness (20-30 nm) exists due to the balance between the requirements of a 
complete coverage of ITO and the decrease of light absorption by PbT. Within this range, the 
current efficiency and the principal I-V curves of the devices are unchanged by the 
introduction of the PbT interlayer compared to the device without PbT. Furthermore, the PbT 
devices show a remarkable elimination of the leakage current originated from imperfections 
on bare ITO as well as a higher operating stability, which is attributed to the planarization of 
anode by PbT. Therefore, it is demonstrated that the use of an electropolymerization step into 
the production of vapor deposited molecular OLED is a viable approach to obtain high 
performance OLEDs.  
   The study has been extended to poly(3,4-ethylenedioxythiophene) (PEDT) which has a very 
low oxidation potential. Highly homogenous poly(styrenesulfonate) (PSS) doped PEDT layers 
from a spin-coating process have been applied. The doping level of PEDT:PSS was adjusted 
by an electrochemical redox process using p-tuoluenesulfonic acid as supporting electrolyte to 
tune the hole injection feature at the polymeric anode/organic interface. Detailed 
investigations on the variation of morphology, oxidation state and electronic structure of 
PEDT:PSS during the electrochemical process has shown that the doping level of PEDT:PSS 
layers can be controlled quantitatively by an electrochemical doping/dedoping process in 
spite of its compact morphology. Moreover the higher oxidation state can remain stable in the 
dry state. In this redox process, the doping is accompanied by the penetration of tosylate (Tos-
) anions into the polymer or the diffusion of H+ cations from the PSSH chains of PEDT:PSS 
into the electrolyte while the dedoping is responsible to an injection of H+ ions from the 
electrolyte into the polymer. Notably, such an electrochemical treatment does not affect the 
surface morphology and homogeneity of the polymer film, even though the reduction leads to 
a possible degradation of the polymer. The work function of PEDT:PSS is increased further 
by applying a higher electrode potential than the value of electrochemical equilibrium 
potential (Eeq) of an unmodified film. The value is in line with the change of doping level. 
This leads to a further reduction of the hole injection barrier at the contact of polymeric 
anode/hole transport layer. An ideal ohmic behavoir is almost achieved at the anode/NPB 
interface for a PEDT:PSS anode with a very high doping level (a Eeq of up to 0.57 V vs. 
Ag/AgCl reference), as demonstrated from the hole-only device. It overcomes the limitation 
related with the PbT interlayer, in which a considerably large barrier for hole injection (0.7- 
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0.8 eV) at the ITO/PbT interface as well as a voltage drop within the semiconducting layer 
occurs. 
    For the first time, molecular OLEDs using an electrochemically adjusted PEDT:PSS/ITO 
anode have been fabricated. The device performance depends strongly on the doping level of 
the polymeric anode. The devices on the polymer anode with further oxidation show a 
reduction of the operating voltage by up to 2V as well as a remarkable enhancement of the 
luminance. This is attributed to the systematic improvement of hole-injection at the 
anode/organic interface with the increase of doping level of the polymeric anode. 
Furthermore, the operating stability of such devices is also improved remarkably especially at 
the initial stage of the operation. This originates from the removal of mobile ions such as 
sodium ions inside the PEDT:PSS during electrochemical treatment and thus a hindering of 
reverse internal field effect, as well as a reduced possibility of microshorts by smoothing the 
ITO surface. The electron injection is insufficient relative to the excess injection of holes, 
which leads to an imbalanced number ratio of electrons and holes. Therefore the EL efficiency 
of the device with heavily oxidized polymer anode is reduced. By utilizing an Al/LiF cathode 
instead of a Mg:Ag cathode together with the oxidatively modified anode, a balanced 
injection and recombination of holes and electrons has been achieved successfully. It leads to 
a further reduction of the operating voltage by 1.5V and a drastic improvement of EL 
efficiency of the device as high as 5.0 cd/A.  
    Our results demonstrate unambiguously that the electrochemical modification of the cast 
polymer anode is an effective method to improve and optimize the performance of OLEDs. Its 
significance lies in the potential of extending the method to other conjugated polymers. The 
method is valid for the polymers with a closely- packed structure and smooth surface, which 
is of much importance since well-defined morphology of the organic layer is crucial for 
device preparation. Besides the use in the fabrication of small molecular OLEDs, the method 
will be applicable to the fabrication of polymeric OLEDs as well as other devices such as 
organic transistors and solar cells. 
    
2. Outlook 
    This work has confirmed the effectiveness of the electrodeposition and the electrochemical 
adjustment of PT based layers to modify the hole-injection contact in molecular OLEDs. Due 
to the high structural versatility of PT, various kinds of the derivatives with a thiophene 
backbone are available by the introduction of different side chains. It is an important task to 
utilize and develop novel PT- based polymers for the OLED use. PT materials will be 
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favourable if they have a high chemical and electrochemical stability and a wide range of 
tunability of the oxidation level by the electrochemical modification. The adhesion and 
wetting properties of such interlayers with ITO and the hole transport layer have also to be 
considered. In addition, it will be preferable if solution- processible PT materials are available 
since the electrochemical tuning of the doping level of a cast interlayer benefits the device 
performance due to the maintaining of highly homogenous morphology and the achievement 
of a desirable hole-injection capability of the polymer anode. Soluble PTs can also be used to 
construct the layer-by-layer films by polyelectrolyte self-assembly. Well-defined nanoscale 
layers with a good interfacial quality will be obtained. The oxidation level of such layers can 
be electrochemically adjusted to optimize the charge injection feature. 
   Since small molecular dopants (Tos- and PF6-) have been used for the electrochemical 
doping process, the dopant diffusion and chemical reaction at the polymer anode/organic 
interface, together with the operating stability of OLEDs, should be considered due to the 
relatively high mobility of such a dopant. Utilizing PF6- doped PbT as the hole-injection buffer 
layer in OLEDs, an effort to reduce the injection barrier at the ITO/PbT contact and to 
enhance the transmission of PbT, has not been successful in the initial investigation. The 
diffusion of PF6- from the doped PbT interlayer into the organic EL layer is expected to be 
responsible for the quenching of the EL emission. Extensive investigation by UPS/XPS 
should be performed on the interfacial diffusion of dopants and the doping effect within the 
hole transport layer near the anode/HTL interface during the deposition of the organic layer. 
Furthermore, their dependence on the doping level of the polymer anode has to be 
investigated. These studies will be incorporated with the I-V and impedance spectroscopic 
characterizations on the electrical properties of the device as a function of the doping state of 
PbT, in order to clarify the internal mechanism for device failure. For the devices using an 
oxidatively modified PEDT:PSS/ITO anode, the operating stability for long-time and at 
enhanced temperature needs to test, in order to investigate the stability of dopant ions retained 
in the polymer matrix as well as the influence of the dopant’s immigration (into the EL layer) 
on the EL efficiency. It is a subject of further study. Furthermore, larger and even polymeric 
dopants will be doped in polymeric anodes since they should be more favourable to improve 
the device stability due to their relative immobility. 
     In this work, it was demonstrated that p-type doped PT-based polymers can serve as an 
efficient hole-injection contact in OLEDs. In principle, n-type doping of π-conjugated 
polymer can also be achieved by an electrochemical reduction of the produced layer. Such 
layers can be utilized as polymeric cathode to improve electron injection, even though in most 
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cases the n-doped state is air- and water- sensitive. The reduction level of the polymeric 
cathode will be adjusted finely by electrochemical process to optimize the electron injection. 
It is therefore an alternative approach to fabricate highly efficient OLEDs with a reverse layer 
structure with respect to the ‘normal’ ones. Such a top-emission OLED will be constructed on 
a polymer cathode with good electron injection feature by electrochemical reduction. The 
organic EL layers are deposited consequently by vapor sublimation or spin-cast, and a 
transparent anode (e.g. ITO) is deposited on top of the organic layer. This type of OLED 
structure is compatible with the processes for conventional thin transistor circuit, and thus 
more favourable for most integrated display application. 
    An other important issue is the further improvement of quantum efficiency of OLEDs. The 
purification of the organic materials for the carrier transport and emissive layer (such as by 
train sublimation) is favourable to the improvement of EL efficiency and device stability. 
However, the more effective approach is at present the introduction of phosphorescent 
dopants as emitter molecules, which overcomes the spin statistics limiting. Efficient hole 
injection should be of special importance since the HOMO level of the molecules employed 
as host matrix for phosphorescent emitter, is generally very low, which will hinder hole 
injection at the interface of the HTL/ emissive layer. By the insertion of a highly oxidized 
polymer anode in combination with the utilization of an efficient electron injection and 
transport layer, a balanced hole-electron recombination and therefore high phosphorescent 
efficiency and luminance will be achieved at low operating voltage. 
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List of some important abbreviations in this thesis 
 
  AFM                  atomic force microscopy 
  Ag/AgCl            silver-silver chloride electrode 
  Alq3                    tri(8-hydroxyquinolinato) aluminium 
  BE                      binding energy 
  bT                       2,2’-bithiophene 
  C                         capacitance 
  CuPc                   copper phthalocynanine 
  CV                      cyclic voltammogram 
  d                          thickness of sample 
  EA                      electron affinity 
  Eeq                       electrochemical equilibrium potential 
  E0                        standard potential of the redox couple 
  E0’                        formal potential of the redox couple 
  EF                        Fermi level  
  Eg                                     energy gap 
  EL                       electroluminescence 
 oxonsetE                     onset potential of oxidation 
 redonsetE                     onset potential of reduction 
  Epa                       anodic peak potential 
  Epc                        cathodic peak potential 
  Et                         characteristic trap energy 
  ETL                     electron transport layer 
  F                          electric field 
  Fc/Fc+                   ferrocene/ferrocenium 
  FN                       Fowler-Nordheim model 
  HOMO                highest occupied molecular orbital 
  HTL                    hole transport layer 
  Im (Z)                 image part of impedance 
  IP                        ionization potential 
  ITO                     indium-tin oxide 
  I-V                     current-voltage feature of OLED 
  J                         current density 
  L                        luminance 
  L-V                    luminance-voltage feature of OLED 
  LED                   light emitting diode 
  LiF/Al                lithium fluoride/Aluminium 
  LUMO               lowest unoccupied molecular orbital 
  µ(h, e)                   mobility of (hole, electron)  
  N(Bu)4PF6            tetrabutylammonium hexafluorophosphate 
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  NHE                  normal hydrogen electrode 
  n(p)                   number density of holes (electrons) 
  NPB                  N, N’-bis(naphthalen-1-yl)-N, N’-diphenyl-benzidine 
  Nt                      density of trap  
  δ                        doping level 
  ηc                      current efficiency of OLED (cd/A) 
  ηP                      luminous efficiency of OLED (lm/W) 
  ηQ                     quantum efficiency (%) 
  φ                       work function 
  ψe                                  radiant flux 
  ψV                                luminous flux                       
  ∆                       energy barrier for charge carrier injection 
  OCP                 open circuit potential 
  OLED               organic light-emitting diode 
  PbT                   polybithiophene 
  PEDT               poly(3,4-ethylenedioxythiophene) 
  PL                    photoluminescence 
  PSS                  poly(styrensulfonate) 
  PT                    polythiophene 
  Q                     charge amount 
  Re (Z)              real part of impedance 
  R-S                  Richardson-Schottky (injection) 
 SCE                  saturated calomel electrode 
 SCLC               space charge limited current 
 SEM                 scanning electron microscope 
 TCL                  trap charge limited 
 TFSCL             trap-free space charge limited 
 Tg                     glass transition temperature 
 Tos-                  tosylate anion 
 TPD                 N, N’-bis(3-methylphenyl)-N, N’-bis-(phenyl)-benzidine 
 TSC                 thermally stimulated current 
 UPS                 ultraviolet photoelectron spectroscopy 
 UV-vis            ultraviolet-visible 
 Vbi                   built-in-potential 
 V(λ)                photopic function 
 XPS                x-ray photoelectron spectroscopy 
 Z(ω)               impedance at frequency ω 
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